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The focus of this study is on the protolith types, metamorphism and 
deformation of the Cascade River Schist and related rocks in the Lookout 
Mountain - Little Devil Peak area of the North Cascades, Washington.
Two distinctive protolith assemblages are recognized in the Cascade River 
Schist, a volcanic arc assemblage in the Lookout Mountain area and an 
oceanic/forearc assemblage in the Little Devil Peak area. The volcanic arc 
sequence consists from the bottom up of andesitic to rhyolitic tuffs and flows, 
coarse-grained volcaniclastics and fine grained pelites. The lower tuff/flow unit 
grades downward into and is transitional with the underlying Triassic Marblemount 
Meta-Quartz Diorite. Bulk rock chemistry and lithologic associations suggest an 
island arc tectonic setting. U/Pb zircon geochronology suggests a 220 Ma age for 
soda rhyolite tuff in the Cascade River Schist. U/Pb geochronology suggests that 
the Cascade River Schist and Marblemount Meta-Quartz Diorite are coeval, and 
contact relationships suggest that the two units are cogenetic.
In the Little Devil Peak area, the Cascade River Schist is composed of an 
oceanic/forearc assemblage consisting of ultramafite, amphibolite, quartzite, 
quartzofeldspathic schists and marble. This facies of the Cascade River Schist has 
been mapped as the Napeequa unit (Tabor et al., 1988). Intruding the Cascade 
River Schist are the 75 Ma Marble Creek Pluton and the Haystack Creek Pluton. 
High Al hornblende and magmatic epidote indicative of high-pressure 
crystallization (>6-10 Kb) are present in the intrusives, suggesting emplacement
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at deep crustal levels.
A low pressure - low temperature (400 4i 50° C; 3 i 1 Kb) greenschist facies 
metamorphism has affected the Marblemount Meta-Quartz Diorite and Cascade 
River Schist in the Lookout Mountain area. The Cascade River Schist, Marble 
Creek Pluton and Haystack Creek Pluton in the Little Devil Peak area underwent 
a high temperature - high pressure (600 ± 50° C; 9 ± 1 Kb) amphibolite facies 
metamorphism. The age of the amphibolite facies metamorphism is indicated by 
the 75 Ma age of the synmetamorphic Marble Creek Pluton. The age of the 
greenschist facies metamorphism is unknown, but is probably Late Cretaceous.
Deformation of these rock units produced a northwesterly trending penetrative 
foliation with a subvertical dip. In the Lookout Mountain area, greenschist facies 
rocks contain a shallow, NW-plunging stretching and mineral lineation. Numerous 
rotational features associated with the deformation indicate that the kinematic 
regime during greenschist metamorphism was right-lateral, strike-slip.
The Entiat - Le Conte fault, a post metamorphic structure, trends 
northwesterly through the study area. It juxtaposes different facies of the Cascade 
River Schist, which were metamorphosed under disparate P/T conditions. 
Geobarometry suggests 15 km of post metamorphic dip-slip displacement along 
this structure.
This study has defined a mappable, stratigraphic sequence in the Late Triassic 
Cascade River Schist. It has also documented both high- and low-pressure 
regimes during Skagit metamorphism. Deformational fabric associated with the





My thesis work would not have been possible without the support, 
encouragement and love of my partner in life, Marci. Marci and our new 
daughter Jaime have supplied the needed impetus to finish this thesis and move 
onward.
A special thanks is extended to my parents. Bud and Liz Cary, who have 
always supported my endeavors in life with encouragement and love. I would like 
to dedicate this thesis to my late sister, Tracy. She would have completed a few of 
these, if she had been given the time.
Many thanks to the Geology Department at WWU. It was a grand three 
years of academic indulgence. Ned Brown strengthened this thesis with ideas, 
encouragement and livelihood. Scott Babcock and Jim Talbot offered geologic 
insight and timely manuscript reviews. For the early morning coffee, late night 
beers, and numerous sessions on the real meaning of the Cascade River Schist, 
many thanks to Joe Dragovich, my partner in crime up the Cascade River.
To Patty Combs, George Mustoe and Vicki Critchlow, many thanks for all the 
help along the way.
I was ably assisted in the field by Scott Spees and Marci Kracht (Cary). Many 
thanks to Scott who helped develop my vine maple technique and proper attitude 
for those nasty North Cascade traverses.
To the Geology Departments of Fort Lewis College and Colorado Mountain 
College, many thanks for capturing my attention and keeping me heading in the
V
right direction.
Friendships developed during my three years in Bellingham and twelve years 
in geology are what make this science/occupation such a great way of life. The 
skiing, climbing, fishing, hiking, hunting, boating, ball games and get-togethers: I 
hope that time and circumstance never diminishes their relevance in life.
This thesis was supported by an NSF Grant to E.H. Brown; GSA Student 
Grant, Sigma Xi Student Grant, and a WWU Geology Department Grant. 
Roland Tabor and John Stacey of the U.S.G.S., Menlo Park, supplied an U/PB 






LIST OF FIGURES x




Purpose of Research 14
DESCRIPTION OF ROCK UNITS 15
General Statement 15
Marblemount Meta-Quartz Diorite 16
Dikes 22
Whole Rock Chemistry 23
Discussion 26
Cascade River Schist 28
Cascade River Schist of Lookout Mountain 28
Tuff Petrofacies 29
Whole Rock Chemistry 40





Whole Rock Chemistry 51
Pelite Petrofacies 59
Discussion 62





Marbles and Calc-silicates 69
Discussion 69
Marble Creek Pluton 73
Cross-cutting Metamorphosed Dikes 78
Discussion 79
Haystack Creek Pluton 79
Discussion 81




Marblemount Meta-Quartz Diorite - Cascade River
Schist of Lookout Mountain 87
Vll
Page Number
Cascade River Schist of Monogram Lake - Marble
Creek Pluton 92
Cascade River Schist of Monogram Lake - Haystack
Creek Pluton 92
METAMORPHIC FACIES 93
Lookout Mountain area 93




Deformation post-dating Di and D2 111
Fabric Orientation 112
Finite Strain 123
Kinematic Interpretation of Li Lineations 125
Sense of Shear 125








Mineral Assemblages in the
Lookout Mountain area 145
Mineral Assemblages in the
Monogram Lake area 153
Microprobe analyses 159
U/Pb Zircon analysis 164
X
Figure 1. Location map of the study area 3
Figure 2. Tectonic map of the Pacific NW 3
Figure 3. Geologic map of the Crystalline Core 7
Figure 4. Terrane map of the Crystalline Core 9
Figure 5. Geologic map of the study area 12
Figure 6a,b. Meta-diorite hand sample photograph and
photomicrograph 18
Figure 7a,b. Mylonitic meta-tonalite hand sample photograph
and photomicrograph 20
Figure 8. Marblemount Meta-Quartz Diorite
geochemical discrimination diagrams 25
Figure 9. Lithologic column - Lookout Mtn. area 30
Figure 10. Photograph of Lookout Mountain 32
Figure lla,b. Felsic meta-tuff hand sample
photograph and photomicrograph 36
Figure 12. Andesitic, meta-tuff breccia outcrop sample
photograph 38
Figure 13. Andesitic, crystal tuff outcrop photo 38
Figure 14. Meta-basalt hand sample photograph






geochemical discrimination diagrams 44-46
Figure 16. Field sketch of tuff/conglomerate petrofacies
contact 46
Figure 17. Zircon photomicrograph 48
Figure 18. Meta-wacke photomicrograph 53
Figure 19. Meta-conglomerate hand sample photograph 53
Figure 20. Meta-conglomerate hand sample photograph 55
Figure 21. Meta-conglomerate outcrop photograph 55
Figure 22. Photomicrograph of felsic volcanic clast from
conglomerate petrofacies 57
Figure 23. Meta-conglomerate hand sample photograph 57
Figure 24. Quartz-biotite schist hand sample photograph 61
Figure 25. Biotite, muscovite schist photomicrograph 61
Figure 26. Amphibolite photomicrograph 72
Figure 27. Meta-ultramafite hand sample photograph 72
Figure 28. Biotite, hornblende tonalite hand
sample photograph 75
Figure 29. Biotite, garnet leuco tonalite hand sample
photograph 77
Figure 30. Biotite, hornblende tonalite photomicrograph 77
Figure 31. Biotite tonalite hand sample photograph 83
Xll
Page Number
Figure 32. Biotite tonalite photomicrograph 83
Figure 33. Field photograph of Little Devil Peak 86
Figure 34. Outcrop photograph of intermixed Cascade River
Schist and Marblemount Meta-Quartz Diorite 91
Figure 35. Outcrop photograph of intermixed Cascade River
Schist and Marblemount Meta-Quartz Diorite 91
Figure 36. Si02 - MgO - FeO composition diagram
of calcic amphiboles 96
Figure 37. Al(iv) - Na(M4) composition diagram of
calcic amphiboles 97
Figure 38. A1(T) - Al(iv) composition diagram of calcic
amphiboles 106
Figure 39. Al(iv) - MgO - FeO composition diagram
of calcic amphiboles 107
Figure 40. Stretching and mineral lineation map 115
Figure 41. Equal-area projections of domain
A D1 structural elements 117
Figure 42. Equal-area projections of domain
B D1 structural elements 119
Figure 43. Equal-area projections of












Rotated plagioclase porphyroclast 
photomicrograph
Rotated quartz porphyroclast outcrop 
photograph
Outcrop photographs of S-C tectonites
List of Tables
Previous geochronologic data from the study 
area.
Whole rock geochemical data
Temperature estimates during metamorphism
using Fe-Mg geothemometry
Pressure estimates during metamorphism
using the GRIPS geobarometry
Pressure estimates for the crystallization
of the Marble Creek Pluton
Core-rim compositions of zoned hornblende
from the Marble Creek Pluton















The Crystalline Core of the North Cascades, Washington and British 
Columbia, is one of the least studied orogenic areas in the continental United 
States. This thesis represents a petrologic and structural investigation of the rocks 
of the Crystalline Core exposed in the Lookout Mountain - Little Devil Peak area 
of northern Washington. The area is located east of Marblemount, Washington, 
within the southeast quarter of the Marblemount 15’ quadrangle (Fig. 1). The 
study area is bounded on the north by the Skagit River, on the south by the 
Cascade River, and covers approximately 40 square kilometers. Rocks units in the 
study area are the Marblemount Meta-Quartz Diorite, the Cascade River Schist, 
the Marble Creek Pluton, and the Haystack Creek Pluton; they comprise a portion 
of the Skagit Metamorphic Suite as defined by Misch (1966). These rocks record 
orogenic events related to accretion, crustal thickening and arc magmatism and 
are fundamental to our understanding of the Mesozoic evolution of the western 
margin of North America.
Regional Geology
The Crystalline Core is bounded on the east by the northwest trending, 
high-angle Ross Lake fault zone (Figs. 2 and 3) (Misch, 1966, 1977, 1987). Major 
terranes east of the Ross Lake fault zone are the oceanic Hozameen Group
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Figure 1. Location map. The study area is shown by the outline of Figure 5. The 
general area of Figure 3 is also outlined. B - Bellingham, WA; E - Everett, Wa;
M - Marblemount, Wa; S - Seattle, Wa; V - Vancouver, B.C. Interstate 5 and 
State Highways 20 and 2 are also shown.
Figure 2. Generalized tectonic map of the Pacific Northwest. Modified from 
Brown (1987), Monger et al. (1985), Roddick et al. (1979), Tabor et al. (1989), 
and Tipper et al. (1981). Location of the study area shown by box. BR-Bridge 
River Group; CC-Crystalline Core of the North Cascades; CD-Cadwallader 
Group; CPC-Coast Plutonic Complex; CRB-Columbia River Basalts; CW- 
Chilliwack Batholith; CZ-Cenezoic sedimentary and volcanic rocks; EF-Entiat 
Fault; ES-Easton Schist; HLF-Harrison Lake Fault; HZ-Hozameen terrane; HF- 
Hozameen fault; I-Ingalls Tectonic Complex; JMT-Jack Mountain Thrust; MS-Mt. 
Stuart Batholith; MT-Methow terrane; N-Nanaimo Group; NK-Nooksack terrane 
(including the Slollicum and Cogburn lithostructural packages northeast of the 
HLF); NWCS-Northwest Cascades System (includes the Shuksan Suite, Chilliwack 
Group and Late Cretaceous-Early Tertiary melange); OCC-Okanagon Crystalline 
Complex; PF-Paysaten fault; PR-Pacific Rim Complex; QN-Quesnellia; RLF-Ross 
Lake fault; SCF-Straight Creek-Frazier fault; SJ-San Juan Islands; SS-Settler 





composed of disrupted Permian to Jurassic basalts, cherts, and argillites 
(Haugerud, 1985; Ray, 1986) and the Late Jurassic - Late Cretaceous sedimentary 
and volcanic rocks of the Methow Group (Kleinspehn, 1985; Trexler and 
Bourgeois, 1985). Two small terranes east of the Ross Lake fault zone are the 
Skymo Complex (Wallace, 1976), an undated mafic intrusive complex, and the 
Eastern Metamorphic Belt composed of low- to medium-grade phyllites and 
schists (Misch, 1966, 1977; McGroder, 1987) (Fig. 3). Much of the trace of the 
Ross Lake fault zone has been intruded by rocks of the Eastern Plutonic Belt 
(Misch, 1966) (Fig. 3). Recently, Kriens and Wernicke (1986) have suggested that 
the Ross Lake fault zone is not a major terrane boundary.
The western boundary of the Crystalline Core is marked by the north trending, 
high-angle Straight Creek fault zone which juxtaposes blueschist facies rocks of the 
Shuksan Suite against the Crystalline Core (Misch, 1966) (Fig. 2). The Shuksan 
Suite is derived from oceanic rocks of probable Jurassic age, which experienced 
blueschist facies metamorphism in Early Cretaceous time (Armstrong, 1980;
Brown et al., 1981). The suite represents one of several thrust sheets which make 
up the Northwest Cascades Thrust System (Misch, 1966). To the south, 
blue-amphibole bearing rocks of the Easton Schist have been correlated with the 
Shuksan Suite (Tabor, et al., 1982a) (Fig. 2). The Easton Schist crops out to the 
east of the Straight Creek Fault zone.
The work carried out by Peter Misch (1952, 1966, 1968, 1977, 1979, 1987) and 
his students at the University of Washington established the geologic framework of
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the Crystalline Core (Fig. 3). In the type area of the Skagit Metamorphic Suite, 
Misch (1966) described the metamorphism as being a low pressure variant of the 
classic Harrovian type, with metamorphic grade ranging from lower greenschist to 
upper amphibolite. The metamorphic grade was observed to increase toward the 
northeast and more gradually to the southeast, from low-grade (chlorite zone) 
along the Straight Creek fault zone to high-grade (sillimanite-kyanite zone) within 
the migmatitic core of the Skagit Gneiss. Numerous igneous intrusions were 
mapped and shown to range from pre- to syn- to post metamorphic in age. 
Structures, both large- and small- scale, were interpreted to represent E-W 
compressive deformation (Misch, 1966). The protoliths of the Skagit Gneiss and 
Cascade River Schist were suggested by Misch (1966) to be mutually related on 
the basis of lithologic similarity. Protolith ages for gneiss and schist units are 
poorly known, but have been suggested to range from late Paleozoic to early 
Mesozoic (Misch, 1966; Babcock et al., 1985; Tabor et al., 1988). Regionally 
extensive, variably deformed plutons in the area suggest that magmatism was 
concurrent Avith metamorphism and tectonism.
U/Pb geochronology by Mattinson (1972) broadly dated the Skagit 
metamorphic event at 90-60 Ma. Mattinson (1972) also established the isotopic 
ages of the Marblemount Meta-Quartz Diorite (220 Ma) and the adjacent 
Eldorado Orthogneiss (92 Ma). A summary of the isotopic ages of rock units 
within the adjacent area is shown in Table 1. Regional mapping, at a scale of 
1:100,000, by the U.S. Geological Survey has provided the most recent study of the
6
Figure 3. Generalized geologic map of the northern Crystalline Core of the North 
Cascades. Modified from Misch (1966, 1977, 1987) and Church et al. (1984).
Field area marked by light stippled pattern. BP-Black Peak Pluton; CH- 
Chilliwack Batholith and other Tertiary plutonic rocks; CRS-Cascade River Schist; 
EL-Eldorado Orthogneiss; EM-Eastern Metamorphic Belt; EP-Eastern Plutonic 
Belt; GH-Golden Horn Batholith; GP-Gabriel Peak Orthogneiss; H-Haystack 
Creek Pluton; HF-Hozameen fault; HL-Hidden Lake Peak Pluton; HZ-Hozameen 
terrane; JMT-Jack Mountain Thrust; LEF-Le Conte/Entiat fault; LG-Le Conte 
Gneiss; M-Marble Creek Pluton; MG-Magic Mountain Gneiss; MI-Methow 
terrane; MM-Marblemount Meta-Quartz Diorite; MT-Magic Mountain Thrust; 
NS-Napeequa Schist; RLF-Ross Lake fault; SC-Skymo Complex; SK-Skagit 
Gneiss; SM-Snowking massif; Ti-Cascade Pass Dike; -I- - Alma Creek Pluton; ~ - 
unnamed orthogneiss.
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Crystalline Core. Published quadrangles include the Skykomish (Tabor et al., 
1982a), Wenatchee (Tabor et al., 1982b) and the Chelan (Tabor et al., 1987b).
Tabor et al. (1987b) divided the Crystalline Core into terranes on the basis of 
lithologies, structures and age differences (Fig. 4). The study area is located in the
8
Unit Method Mineral Age Reference
Cascade River U/Pb z 220 this study
Schist K/Ar m 46 Tabor et al., 1988
Marblemount Meta-■ U/Pb z 220 Mattinson, 1972
Quartz Diorite K/Ar m 95 Tabor et al., 1988
Eldorado Ortho- U/Pb z 92 Mattinson, 1972
gneiss U/Pb z 88 Haugerud et al., 1988
Marble Creek 
Pluton
U/Pb z 75 Haugerud et al. 
in press
Skagit U/Pb z 74 Haugerud et al., 1988
Orthogneiss U/Pb z 65 Haugerud et al., 1988
Hidden Lake
Pluton
U/Pb z 75 Haugerud et al., 1988
Jordan Lake K/Ar h 73 Tabor et al., 1988
Pluton K/Ar b 61 Tabor et al., 1988
Chilliwack K/Ar h 50 Misch, 1979
Batholith K/Ar b 39 Misch, 1979
Skagit - late 
lineated dikes
Rb\Sr wr 45 Babcock et al., 1985
Table 1. Geochronologic data from rock units in Figure 3. B - biotite, h - 
hornblende, z - zircon, wr - whole rock.
'4
Figure 4. Terrane map of the Crystalline Core of the North Cascades and 
adjacent areas. Modified from Tabor et al. (1987b).
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Chelan Mountains terrane, immediately west of the Skagit Gneiss. Tabor et al. 
(1987b) suggested that the Skagit Gneiss may constitute a separate terrane, 
although a fault-bounded contact between the Skagit Gneiss and the Chelan 
Mountains terrane (Cascade River Schist and Marblemount Meta-Quartz Diorite) 
has yet to be demonstrated. Misch’s (1966) interpretation of a continuity of 
protolith between the Cascade River Schist and Skagit Gneiss implies that the 
Skagit Gneiss belongs to the Chelan Mountains terrane. To the west of the 
Chelan Mountains terrane is the Mad River terrane. Tabor et al. (1987b) submit 
that the Mad River and Chelan Mountains terranes are similar and may be 
correlative, but observable contacts are faults.
The geology of the study area is shown in Figure 5, which incorporates 
geologic mapping from this study, Misch (1979) and Fugro Northwest, Inc. (1979). 
The nature of the contact between the Marblemount Meta-Quartz Diorite and the 
Cascade River Schist is problematic. Mapping by E.H. Brown for Fugro 
Northwest, Inc. suggested that the contact between Marblemount Meta-Quartz 
Diorite and Cascade River Schist on Lookout Mountain is transitional, based on 
local mutually intrusive relations and gradations in lithology between the two units. 
On this basis, the Fugro report suggested that the Marblemount Meta-Quartz 
Diorite and Cascade River Schist may represent a coeval volcanic-plutonic suite. 
Misch (1966) suggested that the Cascade River Schist-Marblemount Meta-Quartz 
Diorite boundary throughout the area was faulted, and inferred that the 
Marblemount Meta-Quartz Diorite was basement to the Cascade River Schist on
11
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Figure 5. Geologic map of the study area. Contour interval 800’. Contours from
U.S.G.S. Marblemount 15’ quadrangle.
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the basis of granitic clasts in conglomerate similar to the lithology of the 
Marblemount Meta-Quartz Diorite.
Misch (1966, 1979) also mapped two plutonic bodies intrusive into the 
Cascade River Schist in the study area. On the basis of textures and mineralogy, 
the intrusives were suggested to be pre to early metamorphic (Marble Creek 
Pluton) to late metamorphic (Haystack Creek Pluton).
Isotopic ages of rocks in the study area include a concordant 220 
Ma U/Pb age on zircon in the Marblemount Meta-Quartz Diorite (Mattinson, 
1972). An absolute isotopic age for the Cascade River Schist protolith 
is uncertain, with Rb/Sr data suggesting an Early Mesozoic age (Babcock et al., 
1985). Haugerud et al. (manuscript in press, GSA Bulletin) obtained a concordant 
U/Pb age of 75 Ma on zircons from the Marble Creek Pluton. Babcock et al. 
(1985) also reported a 45 Ma Rb/Sr age from lineated, tonalitic dikes which 
intrude the main-stage migmatites of the Skagit Gneiss.
Isotopic data from rocks in the study area include a single whole rock Sr 87/86 
determination on the Marblemount Meta-Quartz Diorite by Church and Tilton 
(1973), which yielded a present day ratio of 0.705, suggesting a very low Triassic 
initial ratio (S. Babcock, personal communication, 1986). Whole rock chemistry of 
amphibolites in the Cascade River Schist suggested an immature island arc 
tectonic setting for the protoliths and an apparent initial Sr ratio ca. 0.7038 




The objectives of this research are to; 1) establish the protolith age and to 
further define the tectonic setting of the Cascade River Schist and its relationship 
to the Marblemount Meta-Quartz Diorite; 2) establish the local 
pressure-temperature regime during Skagit metamorphism; 3) determine the 
timing of deformational events in relation to metamorphism; and 4) to provide a 
general tectonic, petrologic history of the study area in the context of the origin of 
the Crystalline Core.
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DESCRIPTION OF ROCK UNITS 
General Statement
Four pre-Tertiary rock units crop out in the study area, the Marblemount 
Meta-Quartz Diorite, Cascade River Schist, Marble Creek Pluton and the 
Haystack Creek Pluton (Fig. 5). These rock units are part of the Skagit 
Metamorphic Suite described by Misch (1966). In this section these rock units are 
described as defined by Misch (1966), except for the Cascade River Schist. The 
Cascade River Schist is informally divided on the basis of protolith lithology and 
metamorphic grade. The Cascade River Schist of Monogram Lake consists of 
amphibolite facies rocks with an oceanic/forearc protolith affinity (Babcock and 
Misch, 1985), while the Cascade River Schist of Lookout Mountain consists of 
greenschist facies rocks with an arc protolith affinity. Within the study area, these 
two contrasting metamorphic units are separated by the Le Conte - Entiat fault. 
The Cascade River Schist of Lookout Mountain was subdivided into petrofacies 
on the basis of mappable pre-metamorphic lithologies.
The classification of igneous rocks is after Streckeisen (1976). The numbers 
given after lithologic types (e.g., 17D) are sample numbers and their locations are 




The Marblemount Meta-Quartz Diorite (MMQD) is a meta-igneous complex 
first described by Misch (1952) and subsequently by Bryant (1955), Misch (1966, 
1977) and Babcock and Misch (1988). The MMQD has been correlated with 
similar plutonic rocks to the southeast: the Le Conte Gneiss by Tabor (1961), the 
Dumbbell Mountain intrusives by Cater and Crowder (1967), and the Bonanza 
Gneiss by (Dubois, 1954). Misch (1966) referred to this suite of intrusive bodies 
as the Marblemount belt. U/Pb zircon geochronology dated this intrusive belt as 
Late Triassic (Mattinson, 1972).
The protolith of the MMQD varies from leuco-tonalite to diorite, with minor 
gabbro (Babcock and Misch, 1988). Tonalitic compositions (tonalite and quartz 
diorite) (IF, 7F, 14D, 26A, 26D, 36B, 36C, 38C, 39A) are most common in the 
study area, with minor leuco-tonalite (8F) and diorite (36A, 7B, 14B, 3IB). 
Mafic-rich diorite crops out near the contact with the Cascade River Schist.
Tabor (1961) described a similar concentration of mafic compositions along the 
northeastern border of the Le Conte Gneiss, to the southeast.
In the study area, the MMQD is intruded by pre-metamorphic intermediate 
(IB) to mafic dikes. (36F, 37D, 8E, 7D). These units may be related to 
metamorphosed dikes and sills reported by Tabor (1961) and greenschists 
reported by Bryant (1955) in the Le Conte Gneiss and MMQD respectively. No 
isotopic or geochemical data has been obtained from these cross-cutting units.
The fabric of the MMQD varies from weakly foliated (Figs. 6a,b) to schistose
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Figure 6a. Hand sample photograph of weakly foliated meta-diorite from the 
Marblemount Meta-Quartz Diorite. Ca-amphibole is 30% of the mode. Sample 
118-36A from the Cascade River road, elevation 900’.
Figure 6b. Photomicrograph of weakly foliated meta-diorite from the 
Marblemount Meta-Quartz Diorite. Interstitial quartz with calcic plagioclase 
being replaced by epidote, albite and chlorite. Actinolite pseudomorphs after 




Figure 7a. Hand sample photograph of mylonitic meta-tonalite from the 
Marblemount Meta-Quartz Diorite. The cut surface is parallel to SI (xy plane) 
and exhibits a shallowly plunging, northwest trending stretching lineation. Sample 
118-36B from the Falls Creek drainage, elevation 1000’.
Figure 7b. Photomicrograph of mylonitic meta-tonalite. The thin-section is cut 
parallel to the stretching lineation and perpendicular to the foliation (XZ plane). 
Quartz crystals are elongate, showing sub-grain development and undulose 
extinction. Plagioclase crystals are also elongate and have been replaced by albite 
and epidote. Crossed nicols. Sample 118-36B.
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(Figs. 7a,b) to locally gneissose. Foliation is defined by elongate, flattened quartz 
and the segregation and alignment of epidote, chlorite and minor white mica. 
Gneissose fabric is defined by segregation of quartz and plagioclase from epidote 
and chlorite. Locally, quartz and plagioclase are highly deformed. Quartz is 
recrystallized to a fine-grained mosaic with highly undulatory extinction and 
plagioclase is flattened with mortar texture. These highly strained units are 
mylonites. Near the MMQD - Cascade River Schist contact the foliation is 
generally well-developed suggesting an increase in the intensity of deformation 
along the contact. However, weakly deformed rock is also present near the 
contact. In general, the fabric in the MMQD is related to marginal and sporadic 
internal deformation due to the preferential partitioning of strain within the unit. 
This variation in degree of deformation is found throughout the study area.
Bryant (1955) also described a similar distribution of fabric in the MMQD 
immediately to the southwest of the study area.
The metamorphic mineral assemblage in the quartz dioritic and tonalitic units 
consists of albite -I- quartz -I- chlorite + epidote + white mica + Ca amphibole + 
sphene -l-apatite + opaques with minor rutile, zircon, pyrite, carbonate, biotite, 
and tourmaline. Plagioclase originally represented 50 to 70% of the mode and 
consists of subhedral crystals up to 3 mm long. Quartz makes up 5 to 30% of the 
mode and is interstitial to the plagioclase in quartz-poor units. Quartz crystals 
vary in shape from equant to highly elongate, with grain size less than 2 mm.
Metamorphic minerals are fine-grained (less than 1 mm). Epidote, chlorite
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and white mica are distributed pervasively in the matrix and are commonly present 
as pseudomorphs of plagioclase and hornblende. Amphibole occurs either as relict 
brown, hornblende (?) with fibrous, colorless to green actinolite overgrowths, or as 
greenish actinolite pseudomorphs of relict hornblende. Opaque minerals have 
sphene rims; in highly deformed rocks sphene is the dominant phase. Sphene is 
also associated with chlorite where it is replacing hornblende. Biotite, where 
present, is interleaved with chlorite, and appears to be a prograde metamorphic 
mineral. Apatite is ubiquitous and occurs as euhedral crystals. Tourmaline 
(shorl?) is present locally and commonly is broken and deformed.
Meta-diorite cropping out near the contact with the Cascade River Schist is 
mineralogically similar to the tonalitic phases, except for amphibole and quartz 
content. Relict brown hornblende (?) and green actinolite comprise 10 to 30% of 
the mode, while in the quartz-rich phases it is less than 10%.
Dikes
Cross-cutting the MMQD are mafic to felsic intrusives that are pre to syn(?) 
metamorphic. The mafic intrusives consist dominantly of dikes and subordinate 
pod-shaped bodies, up to 1 meter in width. The felsic intrusives are medium­
grained, muscovite bearing dikes (118-ID), which may be similar to 90 Ma dikes 
(Mattinson, 1972) in the Dumbbell Mountain area. The dikes trend parallel to 
regional foliation and are usually highly sheared and strongly foliated, while pods
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exhibit irregular intrusive contacts, wallrock xenoliths and directionless texture. 
These units compose a very minor portion of the Marblemount Meta-Quartz 
Diorite. No thin-sections of the muscovite-bearing dikes were prepared. The 
metamorphic mineral assemblage in unsheared rocks consists of very fine-grained 
(less than .25 mm) albite -I- actinolite -I- chlorite + epidote + magnetite + quartz 
in mafic rocks. Andesitic assemblages lack actinolite but include white mica, 
sphene, carbonate and pyrite. Extensively sheared units commonly consist of very 
fine-grained (less than .1 mm) chlorite and carbonate, with minor sphene and 
epidote. A moderately sheared andesitic dike (118-lB) exhibits aligned 
porphyroclasts of plagioclase 1 mm in length. It is noted that the protolith of 
extensively sheared units could be MMQD, however no fabric indicative of a 
gradation from high to low strain is observed across the contact between the two 
rock types.
Whole Rock Chemistry
Two whole rock chemical analyses of the Marblemount Meta-Quartz Diorite 
were obtained for this study and are shown in Table 2, along with calculated 
norms. These data are combined with whole rock chemical analyses of the 
Marblemount Meta-Quartz Diorite obtained from R.S. Babcock and are plotted 
on variation diagrams in Figure 8. The variation diagrams suggest that the 
Marblemount Meta-Quartz Diorite is a calc-alkaline intrusive complex.
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Figure 8. Variation diagrams of whole rock chemical data from the Marblemount 
Meta-Quartz Diorite. a) MgO/FeO vs. Si02, field boundaries from Irvine and 
Baragar (1971) and Pearce (1982); b) AFM, field boundaries are from Irvine and 





Meager Sr 87/86 isotopic data (present-day 87/86 ratio .705) (Church and 
Tilton, 1973) suggests that the MMQD evolved in an area devoid of older, 
continental crust or is a primitive, mantle-derived complex which did not interact 
with enriched upper crustal material. The calc-alkaline nature of the MMQD 
(Fig. 8) suggests its evolution in a magmatic arc. Whether the magmatic arc is 
continental or oceanic is difficult to ascertain. The lack of Sr enrichment in the 
MMQD could be interpreted to represent an oceanic island arc setting, however 
Sr deficient intrusives are present in continental arc setting (S. Babcock, personnel 
communication, 1990).
The regional relationship of the MMQD and the Marblemount Belt to other 
Triassic plutonic belts is sketchy. To the northwest, along regional strike (Fig. 1) 
there are no reported Late Triassic intrusive units similar to the Marblemount 
Belt. In the Harrison Lake area. Monger (1990) has obtained a Late Triassic date 
from a high-grade gneiss unit. In a Cordilleran-wide overview, Mortimer (1986) 
suggested that Triassic igneous rocks can be divided into an eastern, inboard belt 
(Quesnellia) and western, outboard belt (Stikinia) on the basis of their location 
relative to the Cache Creek terrane and other similar Tethyan-bearing oceanic 
melanges. Although the Marblemount belt is apparently inboard of the Tethyan 
oceanic basin (see Mortimer, 1986 fig. 1) with an implied affinity to Quesnellia, 
the age of the Marblemount Belt suggests a western belt affinity. Regional 
geologic reconstructions by Davis et al. (1978) suggested that the Marblemount
Belt was correlative with the Triassic rocks of Quesnellia. The origin of the 




The Cascade River Schist was first described by Misch (1952, 1966) in the 
lower Cascade River region and in the type section of the Skagit Metamorphic 
Suite along the Skagit River. Tabor (1961) described these schists in the upper 
drainages of the Cascade River. It has been suggested that the Cascade River 
Schist is correlative with the younger gneissic rocks of the Holden area (Cater and 
Crowder, 1967) and the rocks of Twentyfive Mile Creek (Tabor et al., 1987a) 
along strike to the southeast. The Cascade River Schist in the study area exhibits 
two diverse protolith lithologies which have been metamorphosed under different 
P-T conditions. Arc related, greenschist facies rocks crop out in the Lookout
Mountain area, while oceanic, amphibolite facies rocks are present in the 
Monogram Lake area (Fig. 5). The rock units in these two areas will be described 
separately.
Cascade River Schist of Lookout Mountain 
In the Lookout Mountain area, the Cascade River Schist is divided into three, 
mappable petrofacies: tuff, conglomerate, and pelite (Figs. 5, 9 and 10). All 
three petrofacies have been metamorphosed to greenschist facies. The tuff 
petrofacies is characterized by tuffs and tuffaceous sandstones interlayered with 
flows and very minor limestones. The conglomerate petrofacies consists of 
tuffaceous conglomerate, sandstone and breccia, while the pelite petrofacies is
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marked by quartzose, pelitic, fine-grained elastics lacking the dominant tuffaceous 
texture of the other units. This gross compositional layering represents protolith 
stratigraphy. This classification represents a modification of the protolith units 
mapped by Misch (1979).
Tuff petrofacies
The tuff petrofacies of the Cascade River Schist consists of tuff interlayered 
with subordinate tuffaceous sandstone and volcanic flows with minor volcanic 
breccia and limestone. The unit is approximately 500 m thick on the south face of 
Lookout Mountain (Figs. 9 and 10). Along strike to the northwest the unit is 
fault-bounded against MMQD and to the southeast appears to thin, possibly the 
result of increased strain along the Le Conte - Entiat fault. Fabric in the unit is 
variably developed and ranges from directionless in flows and breccias to a 
strongly developed schistosity in tuffs and tuffaceous sandstones. The fabric is 
defined by the alignment of chlorite, epidote and actinolite and by micas where 
present. Flattened, elongate lithic clasts, quartz and plagioclase also define the 
schistosity.
The composition of metavolcanic rocks is dominantly andesitic (~ 60%), but 
ranges from basaltic (~10%) to dacitic-rhyolitic (~30%). Andesitic rocks (tuffs, 
epiclastics and flows) are distributed throughout the unit, while felsic rocks (tuffs) 
seem to be restricted to the upper half of the unit (Fig. 9). Outcrops of
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Figure 10. Photograph of the south face of Lookout Mountain. Contacts between 
petrofacies within the Cascade River Schist and Cascade River 
Schist/Marblemount Meta-Quartz Diorite contact are shown. Cascade River 
Schist; t - tuff petrofacies; c - conglomerate petrofacies, p - pelite petrofacies; 
Mm-Marblemount Meta-Quartz Diorite. Drainage names are informal.
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meta-limestone are sparse and limited to the upper 50 m of the unit.
Meta-tuffs include dacitic/rhyolitic crystal vitric (?) tuffs and andesitic crystal 
vitric (?) tuffs. Locally, andesitic lithic crystal tuffs (breccias) are identifiable 
(15A). The white-gray dacitic/ rhyolitic tuffs (15G, 31D, 26K, 3B, 33D) are 
composed of medium grained (1 to 4 mm) angular quartz and sub- to euhedral 
plagioclase in a fine-grained (<.25 mm) matrix (Figs. lla,b). The matrix is 
principally quartz -I- albite with subordinate epidote -t- chlorite -I- white mica -I- 
opaques + zircon -f- rutile. The amount of epidote and chlorite present varies 
from 15% to < 2%. Accessory sphene and apatite are present in a few samples. 
Porphyroclasts of quartz are elongate with undulatory extinction, while plagioclase 
is undeformed. All porphyroclasts show evidence of grain size reduction, with 
recrystallized tails and minor crystal boudinage. Albite and Carlsbad twinning in 
albite is common.
Andesitic tuffs (15F, 15B, 15C, 14E, 15E, 14F, 31C, 15A, 261, 411) are poorly 
sorted, medium- to fine-grained (.25 to 4 mm), and locally contain angular, felsic 
lithic (volcanic?) clasts < 4 cm long (Fig. 12). Textures are variable, consisting of 
porphyroclasts of sub- to euhedral albite and subordinate, angular quartz set in a 
fine-grained matrix. Locally, textures include porphyroclast-rich layers, up to 1 cm 
thick, alternating with fine-grained matrix 1 to 5 cm thick. The tuffs commonly 
exhibit concentrations of epidote (layers and pods) from 1 to 15 mm thick (Fig. 
13). The epidote layering may represent carbonate -rich lenses. Albite 
porphyroclasts are twinned (Albite and Carlsbad) and relict oscillatory zoning was
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observed. Albite is associated with epidote, white mica and chlorite. Matrix 
mineralogy consists of albite + quartz + chlorite + epidote + white mica + 
sphene + opaques with minor actinolite and biotite. Matrix minerals are mostly 
less than 1 mm in size. Blocky to elongate pyrite is common. Biotite where 
present is associated with chlorite.
Basaltic to andesitic volcanic flow units (26H, 261, 5G, 5D, 26H, 14G) are 
identified by their resistance to deformation, euhedral albite insets, and 
disseminated primary opaque mineral distribution. Compositions are determined 
based on actinolite and quartz content, plus a few whole-rock chemical analyses 
(Table 2). Relict aphanitic to porphyritic textures are observed. Thickness of the 
flow units is difficult to determine in the field; an estimate of 1 to 10 m is 
suggested. Basaltic flows consist of euhedral plagloclase, .5 to 3 mm long in a 
fine-grained chlorite -I- epidote + actinolite -I- opaque matrix (Fig. 14).
Plagioclase euhedra are defined by fine mats of epidote, albite and minor chlorite. 
Actinolite is well-developed, occurring as blocky, tabular crystals. Subordinate 
ilmenite, sphene, apatite, biotite and quartz are also present. Biotite where 
present is interleaved with chlorite. Andesitic flows are difficult to differentiate 
from pyroclastics beds, with both exhibiting blastoporphyritic textures; however an 
aphanitic andesitic (118-14G) flow rock was observed.
Minor outcrops of buff meta-limestone are restricted to the upper 50 m of the 
tuff petrofacies. They are associated with fine-grained clastic units. The 
carbonates are from 1 to 50 cm thick. Metamorphic minerals present include
L
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Figure 11a. Hand sample photograph of a dacitic/rhyolitic (soda rhyolite) meta­
tuff from the tuff petrofacies of the Cascade River Schist. Zircons from this tuff 
unit yield a concordant U/Pb age of 220 Ma. Sample 118-15G from the Hell 
Creek drainage, elevation 3000’.
Figure 11b. Photomicrograph of dacitic meta-tuff from the tuff petrofacies of the 
Cascade River schist. Angular quartz and sub-to euhedral plagioclase are set in a 





Figure 12. Outcrop photograph of an andesitic meta-tuff breccia containing 
angular, felsic volcanic clasts, from the tuff petrofacies of the Cascade River 
Schist. The breccia unit is approximately 200’ thick and is interlayered with 
similar meta-tuff that is clast-free. Sample 118-15A from the Hell Creek drainage, 
elevation 2000’.
Figure 13. Banded fine-grained andesitic, crystal tuff from the tuff petrofacies of 
the Cascade River Schist. Banding is defined by massive epidote layers from 1 to 
40 mm thick. Falls Creek drainage, elevation 2130’.
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Figure 14. Hand sample photograph of a directionless, blastoporphyritic meta­
basalt from the tuff petrofacies of the Cascade River Schist. Sample 118-261 from 
the 5233’ knob, west ridge of Lookout Mountain.
calcite with minor epidote, actinolite - tremolite, garnet, wollastonite and quartz.
A 50 cm thick meta-limestone outcrop (118-30A) west of Lookout Mountain was 




Whole-rock chemical compositions with calculated CIPW norms of selected 
samples are given in Table 2. Samples 14G, 26H and 261 are interpreted as 
volcanic flows; and 15G as a tuff. Trace element data from the volcanic flows are 
plotted on variation diagrams in Figs. 15a,b,c.
In general, the chemistry suggests that the rocks have a magmatic arc affinity. 
This geochemical association is in agreement with an arc setting based on the high 
percentage of pyroclastic rocks in the sequence (Garcia, 1978) and the presence of 
high-silica tuffs. The Na-rich nature of the units is interesting, with the high silica 
tuffs not classifying as true rhyolite because of the low K2O content. The high 
Na20/K20 ratios appear to be independent of Si02 content and may be primary. 
The high Na content could possibly suggest interaction of the volcanic rocks with 
seawater, however this high Na chemistry is also characteristic of the intrusive
rocks of the MMQD.
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Major Element
15G 14G 261 26H 7B 26A 33HC 33GC 31HC
Si02 76.21 58.41 48.47 54.00 51.07 59.02 60.60 75.67 75.75
A120311.98 13.29 17.84 16.27 19.32 17.88 17.71 11.68 13.02
Ti02 0.21 1.52 0.85 0.86 0.79 0.67 0.59 0.20 0.06
FeO 1.13 12.00 12.17 10.84 9.17 6.84 5.90 2.20 0.075
MnO 0.02 0.24 0.23 0.23 0.18 0.11 0.12 0.02 0.01
CaO 0.46 4.00 9.71 7.24 9.31 4.93 4.78 0.64 0.79
MgO 0.32 2.71 4.47 4.99 4.50 3.70 2.24 0.049 nd
K20 0.32 0.53 0.56 0.30 0.17 1.19 1.24 0.26 0.04
Na20 4.92 3.80 2.54 2.39 2.71 2.94 3.86 4.73 5.70
P205 0.01 0.29 0.14 0.10 0.15 0.11 0.19 0.03 nd
Total 95.58 96.78 96.98 97.22 97.36 97.39 97.24 95.92 96.12
Ni 14 nd 7 nd
Minor Element
10 20 86 17 15
Cr 3 nd 22 nd 28 30 66 6 1
Sc 8 30 40 36 29 9 14 3 nd
V 10 259 332 357 207 174 116 37 13
Ba 207 289 136 100 339 759 654 243 30
Rb 8 13 13 9 6 40 46 11 4
Sr 164 130 316 309 476 501 523 268 75
15G 14G 261 26H 7B 26A 33HC 33GC 31HC
Zr 137 112 56 59 48 75 84 172 70
Y 38 39 17 20 17 11 15 19 4
Nb 5 2 nd nd 3 3 5 22 9
Ga 10 19 19 17 21 18 22 10 20
Cu 20 25 nd 157 40 27 19 14 4
Zn 22 76 60 53 80 83 90 23 11
Table 2. Whole rock geochemical data from selected rocks in the study area. 
Sample locations are shown in Plate II. Trace elements are given in ppm (parts 
per million). Analyses are from Washington State University, Pullman, ICP 
analysis. Rock types and mineral assemblages are given in the Appendix.
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Figure 15a and b. Variation diagrams of bulk chemical data from volcanic rocks 
in the tuff petrofacies of the Cascade River Schist, a) Ti-Zr, with field boundaries 

































Figure 15c. Variation diagram of bulk chemical data from volcanic rocks in the 
tuff petrofacies of the Cascade River Schist. Ti-Cr, with field boundaries from 
Pearce (1975).
Figure 16. Diagram showing the transition from the tuff petrofacies to the 
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y Rounded tonalitic and angular dacitic clasts in a 
^ medium-grained sandy matrix. Clasts are very poorly 
Q sorted, plutonic clasts range from 0.1 to 2 m in
^ length, volcanic clasts are less than 50 cm in
^ length. Matrix coarsens upward.
UJ
^ Metaconglomerate, monolithic tonalite clasts in a
ijj clayey-silt matrix.
O Yellow-brown, quartz mica schist, numerous quartz 
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Rare rounded tonalite clasts.
TUFF PETROFACIES
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U/Pb Zircon Geochronology of Meta-Tuff
Dacitic/rhyolitic tuff (118-15G) from the Hell Creek drainage (Fig. 5) was 
sampled for U/Pb zircon geochronology. The analysis (Appendix) was provided by 
Roland Tabor and John Stacey of the U.S. Geological Survey in Menlo Park, CA. 
Only one size fraction of zircon was analyzed. The euhedral crystal habit of 
zircons from the meta-tuff is shown in Fig. 17 and would suggest that the zircon is 
not detrital in origin. The U/Pb 206/238 age is 219 Ma ± 1, the U/Pb 207/235 age 
is 221 Ma +. 3, and the Pb/Pb 207/206 age is 240 Ma i 3. The U/Pb ages are 
concordant, while the Pb/Pb age is discordant. The discordance in the Pb/Pb age 
may be related to the difficulty in measuring the small amount of Pb207 present in 
young zircons. A tentative date of 219 Ma ± 1 is suggested for this tuff unit 
within the Cascade River Schist of Lookout Mountain. Uranium concentrations in 
zircons from the meta-tuff (289 ppm) are similar to those reported for zircons 
[200 (U238)] from the MMQD (Mattinson, 1972), but slightly higher. Total lead 
content in zircons is 9.7 ppm, while radiogenic lead reported by Mattinson (1972) 
is 6.0 ppm. The similarity in uranium and lead content lends support to a co- 
genetic magma source for the volcanic rocks of the tuff petrofacies and the 
underlying MMQD. A comparison of initial lead ratios (Pb 207/204 and Pb 
206/204) in feldspars from the meta-tuff and the MMQD would provide 
additional, critical data in the interpretation of the petrogenetic history of these
rock units.
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Stratigraphically above the tuff petrofacies is a gray-green, cliff forming 
sequence of quartz-mica schist, tuffaceous, feldspathic meta-wacke and polymict 
meta-conglomerate (Figs. 9 and 10). The unit is approximately 600 m thick. The 
base of the petrofacies is defined by a crenulated, pyritic quartz-mica schist. The 
contact with the tuff petrofacies is gradational; andesitic epiclastic/ pyroclastic 
rocks fine upward into the quartz-mica schist (Fig. 16). Meta-conglomerate 
outcrop is present from near the base to the top of the unit. Relict sedimentary 
structures include inverse grading add planar lamination.
Fabric in the quartz-mica schist and meta-wackes is defined by a strong 
schistosity, while schistosity is weakly developed in the meta-conglomerate. The 
schistosity is defined by flattened lithic clasts, quartz and plagioclase and the 
alignment of chlorite, micas, and epidote.
The basal quartz-mica schist (14J, 33E, 40B, 26Z) can be mapped from 
southeast of Falls Creek to the northwest ridge of Lookout Mountain (PI. 1) (Figs. 
5 and 10). The unit is highly oxidized, fine-grained, extremely fissile and ~ 75 m 
thick in the Falls Creek drainage. Schistosity is defined by aligned white mica and 
quartz segregations. Quartz pods and stringers are pervasive. Mineralogy consists 
of quartz + white mica with minor albite -I- sphene -I- chlorite.
The tuffaceous, feldspathic meta-wacke (32A, 36K, 25G, 13B, 16A, 18F, 311, 
17D, 17F, 17G, 36L, 36M) consists of porphyroclasts of plagioclase, quartz, and 
minor pumice (< 3 mm) in a matrix of fine-grained (<1 mm) metamorphic
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minerals (Fig. 18). Metamorphic minerals include albite + quartz + chlorite + 
epidote + white mica + biotite + sphene with minor actinolite + chloritoid + 
tourmaline + apatite + carbonate (calcite) + rutile + opaques. White mica,
I
biotite and carbonate are more common than in the tuff petrofacies. Meta- 
wackes are moderately to strongly foliated, with the fabric defined by chlorite, 
epidote and micas and to a lesser extent by elongate and flattened lithic clasts and 
quartz.
Meta-conglomerate (40A, 16B, 33G, 38B, 31G, 27D, 28E, 18D, 13B) consists 
of poorly sorted, polymict clasts supported by a feldspathic, meta-wacke matrix, 
except for the lowest meta-conglomerate outcrop which has a quartz-mica phyllite 
(silty mudstone) matrix (Figs. 19, 20 and 21). The most abundant clasts are 
volcanics, with lesser amounts of plutonic clasts and minor sedimentary clasts.
The clasts range from 1 cm to 2 m in length, generally averaging between 4 and 
20 cm. Clast composition and size distribution are constant through the unit with 
the exception that clasts larger than 1 m are plutonic and are restricted to the 
lower 100 m of the unit. Plutonic clasts are without exception well rounded, while 
volcanic and sedimentary clasts are angular to subangular.
Dacite/rhyolite tuff is the primary volcanic clast, with andesitic and basaltic (?) 
clasts present in minor amounts. The volcanic clasts are angular, highly deformed 
and smaller in size than neighboring plutonic clasts. Relict eutaxitic texture 
suggestive of fiamme is present in dacite/rhyolite clasts (Fig. 22). Metamorphic 
minerals in the volcanic clasts are analogous to those described for rocks of the
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tuff petrofacies.
The plutonic clasts are medium-grained tonalites (60 %(?)) and trondhjemites 
(30%(?)) that are only slightly deformed. The plutonic clasts are well rounded, 
but are poorly sorted with .5 m boulders associated with 4 cm pebbles, both of 
similar composition. This grain size variation becomes pronounced near the 
contact with the tuff petrofacies with clasts 2 m in diameter. Metamorphic 
minerals in the plutonic clasts are comparable to those observed in the MMQD.
Sedimentary lithic clasts are the least common; however this may result from 
' the difficulty of outcrop identification. Quartzite, lithic wacke, limestone and shale 
clasts are observed.
Relict sedimentary structures are noticeably lacking in the conglomerate 
petrofacies. Local primary bedding and inverse grading at the base of the unit are 
the only sedimentary structures preserved (Figs. 16 and 23).
Whole Rock Chemistry
Whole-rock chemical compositions of selected meta-conglomerate clasts 
(33GC, 33HC, 31HC) are shown in Table 2. The similarity in composition of the 
rhyolite/dacite clasts (31HC, 33GC) with the felsic tuffs (15G) of the tuff 
petrofacies is noted, as is the chemical affinity between a single plutonic clast 
(33HC) and analyses from the Marblemount Meta-Quartz Diorite (7B, 26A).
The large quantity of felsic volcanic clasts, the tuffaceous nature of the matrix.
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Figure 18. Photomicrograph of meta-wacke from the conglomerate petrofacies of 
the Cascade River Schist. Pumice lapilli present in the center of the photograph. 
Float sample from the Falls Creek drainage.
Figure 19. Hand sample photograph of meta-conglomerate from the 
conglomerate petrofacies of the Cascade River Schist. The large, rounded clast is 
trondhjemite, with smaller clasts consisting of dacite. Dark, elongate pods of 




Figure 20. Hand sample photograph of meta-conglomerate from the 
conglomerate petrofacies of the Cascade River Schist. Clasts consist of dacite (d), 
andesitic volcanics (a), and sedimentary lithics (s). Sample 118-31G from the east 
side of Bear Creek basin, Lookout Mountain, elevation 4500’.
Figure 21. Outcrop photograph of meta-conglomerate from the conglomerate 
petrofacies of the Cascade River Schist. Large outlined clast is a tonalite boulder 
2 m in length. View looking northwest, cliff face approximately parallel to the YZ 
plane with the stretching lineation plunging gently in to the photograph. Location 
is approximately 100’ topographically uphill from the tuff-conglomerate petrofacies 
contact in the Falls Creek drainage, elevation 2800’ (see Fig. 16).
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Figure 22. Photomicrograph of a dacitic volcanic clast with the highly flattened, 
very fine-grained areas with the clasts defining relict eutaxitic texture which may 
represent relict pumice fragments. The matrix is tuffaceous meta-wacke. The 
boundary between the clast and the matrix is marked by the dark line. Sample 
118-33G from east of the Falls Creek drainage, elevation 2600’.
Figure 23. Photograph of meta-conglomerate float exhibiting primary bedding. 




and the presence of pumice fragments suggests that the conglomerate petrofacies 
was deposited adjacent to an active volcanic center. The poor sorting, variable 
rounding of clasts and the lack of sedimentary structures suggests that the 
conglomerate petrofacies represents a debris flow deposit(s). The similarity of 
clast compositions in the meta-conglomerates to lithologies in the tuff petrofacies 
suggests that the tuff petrofacies may have been a source for the clasts. If the tuff 
petrofacies is a clast source, then it is older than the meta-conglomerates and 
gives a stratigraphic facing direction.
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Pelite petrofacies
The pelite petrofacies of the Cascade River Schist consists of fine-grained 
meta-clastic sediments (25G, 29B, IIB, 29E, 17A, 28D, 241, 24F, 17C, lOA, 38C, 
25E) (Plate I) (Figs 5, 9 and 10). This petrofacies contrasts vvith the other 
petrofacies in its fine-grained texture and pelitic mineralogy, with only minor 
occurrences of tuffaceous textures. The metamorphic fabric is well developed, 
with schistosity defined by segregation of quartz from mafic minerals (micas, 
chlorite, actinolite, calcite, and graphite) and the alignment of these mafic 
minerals. Where mineral lineations are present they are defined by amphibole. 
The schistosity in this petrofacies is strongly folded in contrast to the other 
petrofacies (Figs. 24 and 25). The unit is 1200 m thick. The lower contact with 
the conglomerate petrofacies is depositional. Within the study area the upper 
contact is not exposed and the unit is truncated by the Entiat-Le Conte fault (Fig.
5).
Mineral grain size is less than 1 mmj with the exception of minor tuffaceous 
units which have medium-grained porphyroclasts of plagioclase and quartz. The 
mineral assemblages are diverse, containing quartz + biotite + epidote + chlorite 
+ albite with varying amounts of actinolite, white mica, opaques, graphite, sphene,
carbonate (calcite) and minor garnet, rutile, apatite, zircon, and tourmaline. 
Fine-grained graphite is common in these rocks and is not present in the 
forementioned petrofacies.
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Figure 24. Hand sample photograph of F2 folds in quartz-biotite schist from the 
pelite petrofacies of the Cascade River Schist. Sample 118-lOA from Lookout 
Mountain, elevation 5250’.
Figure 25. Photomicrograph of biotite, muscovite schist from the pelite 
petrofacies of the Cascade River Schist. Sl-SO(?) defined by segregation of quartz 
and mafic minerals and the alignment of biotite and muscovite. Incipient S2 
defined by biotite aligned parallel to the axial plane of the crenulation. Sample 




The Cascade River Schist of Lookout Mountain is a distinctive sequence of 
rock. Lithologies, textures and whole rock geochemistry suggest that these rocks 
formed in a volcanic arc setting. The lack of volcanic-volcaniclastic rocks in the 
pelite petrofacies suggests decreasing arc activity through time. The use of 
petrofacies designations in the greenschist facies outcrops has allowed a 
reasonable interpretation of the protoliths and their general tectonic setting. The 
conformable nature of the petrofacies contacts and the continuity of the lithologies 
along strike indicates that they represent protolith stratigraphy. U/Pb zircon 
geochronology from a meta-tuff unit confirms a Late Triassic age of 220 Ma for 
the protolith of the Cascade River Schist of Lookout Mountain.
Southeast of the study area, Tabor (1961) mapped (Fig. 3) a similar sequence 
of rocks. From southwest to northeast, Tabor mapped the Le Conte Gneiss, a 
transitional unit and a conglomeratic unit. This sequence of lithologies is 
analogous to that present in the Lookout Mountain area. These rock units trend 
to the southeast until they are covered by the Magic Mountain Gneiss which has 
been thrust over the Cascade River Schist along the Magic Mountain Thrust 
(Tabor, 1961). Above the Magic Mountain Gneiss is the Spider Mountain Schist, 
which is suggested to be correlative with the Cascade River Schist below the 
Magic Mountain Thrust (Tabor, 1961). Tabor (1961) described porphyritic 
meta-dacite/rhyolites in the Spider Mountain Schist and suggested that they 
possibly represent stratigraphic markers. These meta-dacite/ rhyolites are
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correlative with those described in the tuff petrofacies on Lookout Mountain. The 
continuity of mappable lithologic rock units along strike from the Lookout 
Mountain area into the upper drainages of the Cascade River (~ 10 Km) further 
strengthens the contention that the proposed petrofacies represent primary 
protolith stratigraphy.
To the northwest, the Cascade River Schist is truncated by the Straight Creek 
Fault (Fig. 3). Possible candidates for rocks correlative with the Cascade River 
Schist of Lookout Mountain are the Cadwallader Group (Rusmore, 1985) and the 
Slollicum lithostructural package (Monger, 1986). Slollicum rocks crop out east of 
the Harrison Lake Fault (Fig. 2) in the southern Harrison Lake area, and the 
Cadwallader terrane is located approximately 150 km northwest of the Slollicum 
rocks, along regional strike.
The Slollicum package includes schistose basic to felsic flows and 
volcaniclastics (Monger, 1986). Pillows and breccias are present and polymict 
conglomerates are interbedded with the volcanic rocks. Monger (1986) suggested 
that the Slollicum package may represent a metamorphosed equivalent 
(greenschist facies) of the Cadwallader Group. However, a concordant U/Pb 
zircon age of 146 Ma (Bennett, 1989) established the age of the Slollicum package 
as younger than the Cascade River Schist.
The Cadwallader Group consists of a lower basaltic unit (flows and breccias), 
a middle transitional unit consisting of mafic volcanics, felsic tuffaceous sandstones 
and polymict conglomerate and an upper unit consisting of turbidites (Rusmore,
64
1985). The age of the Cadwallader Group is Late Triassic to Jurassic. The rocks 
are multiply deformed but only slightly re crystallized (subgreenschist facies). 
Rusmore (1985) suggested that these rocks accumulated near an active arc.
The deposition of the Cadwallader package is broadly coeval with the Cascade 
River Schist of Lookout Mountain, is deposited in a similar tectonic environment, 
and exhibits an analogous stratigraphy suggesting the possible correlation of the 
units.
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Cascade River Schist of Monogram Lake 
The Cascade River Schist in the Monogram Lake area consists of amphibolite 
facies rocks that have been intruded by several igneous bodies (Misch, 1966, 1979) 
(Figs. 3 and 5). These amphibolite facies outcrops occur along the margins of the 
Marble Creek and Haystack Creek Plutons and as discrete bodies (screens, roof 
pendants, rafts) within the intrusive complexes. The screens are elongate and 
parallel to the northwest trending regional foliation.
Although the Cascade River Schist represents a small percentage of the 
outcrop in the Monogram Lake area, numerous protolith rock types are present. 
The rocks exhibit compositional layering, with lithologies including 
quartzofeldspathic schist (40%), amphibolite (35%), meta-ultramafite (10%), 
meta-quartzite (10%), and calc-silicate /marble (5%). Geochemical data from 
amphibolites and lithologic associations suggest a fore-arc/subduction zone tectonic 
setting for the protoliths of the Cascade River Schist in this area (Babcock and * 
Misch, 1987). Sr 87/86 isotopic data from amphibolites and mica schists suggests 
an apparent initial Sr ratio of ~.7038 (Babcock et al., 1985).
Quartzofeldspathic Schists
The quartzofeldspathic schists (19D, 19F, 21D, 22D, 19M, 23C, 32C) vary from 
black to gray, depending on the mafic mineral content. Foliation is well 
developed in the schists, although some rocks show greater fissility than others
66
depending on mica content. Felsic veins and pods which are commonly folded 
and contorted are common is these schists. Locally, these schists are 
conglomeratic (32F) with quartzite and greenschist (meta-basalt (?)) clasts less 
than 5 cm in length. Most contacts between quartzo- feldspathic schist and 
tonalite of the Marble Creek Pluton are not well defined; the schists commonly 
coarsen and grade into foliated tonalite.
Mineral assemblages in the quartzofeldspathic schists consist of 
oligoclase-andesine -I- biotite + quartz in varying amounts with subordinate garnet, 
hornblende, Mg-chlorite, Fe-rich epidote, white mica, sphene, apatite, rutile, 
ilmenite and opaques. Where hornblende is present, it is subordinate to biotite 
and in most outcrops is associated with epidote-rich areas. Textures are 
granoblastic. Porphyroclasts and porphyroblasts from 2 to 7 mm are set in a fine­
grained (< 0.5 mm) groundmass. Porphyroblasts are principally idioblastic garnets 
containing numerous inclusions of quartz, plagioclase and opaques. Timing of 
garnet growth in relation to metamorphism is quite variable. Early growth is 
suggested by the deflection of foliation around the porphyroblasts, while syn- to 
late metamorphic growth is suggested by idioblastic, sieved porphyroblasts, some 
of which exhibit rotational snowball structure. Porphyroclasts are dominantly 
comprised of plagioclase and lesser quartz which has been fragmented and 
recrystallized. Microprobe analysis (Appendix) of garnet and plagioclase from two 
samples (19F and 20F) suggest that plagioclase compositions are in the range of 
calcic oligoclase to calcic andesine. Garnet compositions are almandine rich (>.55
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mole %).
The quartzofeldspathic schists are probably of clastic parentage, although at 
one locality (21D) an apparent igneous intrusive relationship was observed.
Amphibolites
Amphibolites (22E, 20A, 23F, 20B, 321, 22E, 23B, 19J) are dark brown to black 
and are mostly banded on a millimeter scale. Banding is parallel to SI and is 
defined by thin layers of plagioclase and quartz interlayered with hornblende and 
epidote. Banding varies in thickness and continuity with some rocks being slightly 
gneissose, while others are massive with SI and banding being weakly developed.
The mineral assemblages include hornblende + oligoclase + epidote + zoisite 
+ rutile (Fig. 25). Quartz, biotite, sphene and garnet are present in minor
amounts. Garnet is lacking in most amphibolites. Textures are granoblastic with 
grain size commonly less than .5 mm. Some of the amphibolites are probably of 
igneous origin, but others are associated with meta-clastics and may be derived 
from sedimentary protoliths.
Meta-Ultramafite
Ultramafic outcrops (19A, 191, 20C, 32L, 24A, 24Z) are orange-brown in color 
and commonly exhibit a weak, mesoscopic foliation parallel to the regional
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northwesterly trend. Ultramafics crop out as discrete layers up to 30 m in 
thickness and are adjacent to meta-quartzites and quartzofeldspathic schists. They 
also occur as thin (cm) layers near contacts between the Cascade River Schist and 
the Marble Creek Pluton.
Mineralogy consists of Fe-rich olivine -I- carbonate (magnesite) + talc -I- 
serpentine -I- opaques with minor tremolite and chlorite. Olivine is commonly 
replaced by serpentine and talc along fractures. Magnesite occurs as large 
porphyroblasts up to 3 cm in size. Weakly developed jackstraw texture is common 
in many of the outcrops and is indicative of metamorphic recrystallization of 
olivine (Evans and Trommsdorff, 1974) (Fig. 26).
Outcrops of ultramafite adjacent to the Le Conte - Entiat fault are brown to 
yellowish-brown, exhibit directionless to weakly foliated fabric and are highly 
fractured. Secondary (?) quartz veins up to 70 cm thick are present. The fracture 
surfaces are talc-rich. The mineral assemblage includes serpentine (antigorite), 
and minor carbonate (magnesite ?), talc and opaques. These outcrops are 
strongly serpentinized as compared to the olivine-bearing rock away from the 
fault.
Meta-Quartzite
Meta-quartzites (32D, 32K) occur as 1 to 10 m thick bodies surrounded by 
quartzofeldspathic schists and meta-ultramafites. The rocks are strongly foliated
and locally crenulated. The quartz is highly recrystallized and elongate with 
sutured intergrain boundaries. Minor amounts of opaques, biotite, white mica, 
chlorite and oligoclase are also present.
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Marbles and Calc-silicates
These rocks occur as layers and pods associated with the amphibolites and 
quartzofeldspathic schists. Discrete layers of light gray marble (19G, 20E) 2 m 
thick are present locally. The principal mineral is calcite which is strongly 
recrystallized with deformed twin planes. In areas where the protolith was more 
siliceous or interacted chemically with adjacent rocks, the mineralogy consists of 
calcite -I- grossular + diopside -I- wollastonite + quartz + sphene.
Calc-silicate schists (21J) are present as calcareous pods and lenses. Mineral 
assemblages consist of epidote + hornblende -I- oligoclase + clino-pyroxene 
(diopside) with subordinate sphene, apatite and quartz. Zoning is present in 
hornblende and consists of brownish cores with blue-green rims. Epidote is 
subhedral and Fe-rich.
Discussion
The amphibolite facies Cascade River Schist of Monogram Lake is 
lithologically distinct from the Cascade River Schist of Lookout Mountain. Rock
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types not observed in the Lookout Mountain area include ultramafite, quartzite, 
quartz-pebble conglomerate and thick, continuous limestones. Lithologic 
associations in the Monogram Lake area are commonly present in oceanic or 
fore-arc environments. The presence of quartzo-feldspathic schist and meta- 
igneous rock suggests proximity to an arc, and marble plus the lack of definite 
chert horizons suggests a shallower water environment indicative of a fore-arc 
environment. A fore-arc setting is also suggested from whole rock geochemistry of 
amphibolite which suggests an arc affinity (Babcock and Misch, 1988). The 
protolith age of these high-grade rocks is poorly constrained as early Mesozoic on 
the basis of Rb/Sr isotopic data (Babcock et al., 1985).
Rocks possibly correlative with the high-grade Cascade River Schist are the 
adjacent schists in the Sibley Creek area (Dragovich, 1989) and the Cascade Pass 
area (Tabor, 1961) to the southeast, a possible correlative units to the northwest 
across the Straight Creek fault is the Cogburn lithostructural package 
(Monger,1986) however the Cogburn rocks appear to be oceanic and contain
numerous chert bodies.
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Figure 26. Photomicrograph of amphibolite from the Monogram Lake area. 
Porphyroblasts of clinozoisite (c) with hornblende (h), plagioclase (p) and rutile 
(r) are shown. Coarsely crystallized rutile is common in amphibolites, often to the
exclusion of other Fe and Fe-Ti oxides. Sample 118-22E from the north side of 
Monogram Lake basin, elevation 6230’.
Figure 27. Hand sample photograph of jackstraw texture in ultramafite from the 





The Marble Creek Pluton is an elongate igneous body which intrudes the 
Cascade River Schist in the Monogram Lake-Little Devil Peak area (Figs. 3 and 
5). Misch (1977, 1979) suggested a pre- to early metamorphic age of intrusion 
based on field relationship and textures. Recent U/Pb age determinations on 
zircons from a two-mica phase in the intrusive yielded 73 - 76 Ma ages (Haugerud 
et al., manuscript submitted to GSA Bulletin). Exposed within the pluton are 
screens of amphibolite-grade Cascade River Schist, and several compositionally 
distinct dikes. Locally prominent along the northeastern margin of the pluton are 
large (~50 cm), highly deformed, mafic inclusions.
The development of metamorphic foliation in the Marble Creek Pluton varies 
from strong to weak and is parallel to the northwest regional trend. Foliation is 
defined by aligned biotite, white mica, elongate, recrystallized quartz, and to a 
lesser extent by aligned hornblende. The peripheral rocks of the pluton commonly 
exhibit flaser texture with scattered porphyroclasts of plagioclase up to 4 mm in 
size in a finer grained (< 2 mm), recrystallized matrix. In the study area the 
intrusive - country rock contacts are generally concordant and parallel to the 
regional foliation. However, south of Marble Creek, Misch (1979) mapped the 
intrusive - country rock contact as distinctly discordant, possibly suggesting a 
pre-tectonic / metamorphic age for the intrusive or conversely a late metamorphic 
age.
Two compositional phases are present in the Marble Creek Pluton. The core
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of the pluton consists of hornblende biotite quartz diorite/tonalite (21A, 21B, 22A, 
21C) (Fig. 28), whereas biotite garnet tonalite (37A, 32B, 21K, 29C, 14A) (Fig. 29) 
occurs along the margins of the complex. The biotite garnet tonalite is invariably 
strongly foliated to gneissic along the northeastern margin of the pluton; while the 
hornblende biotite tonalite is weakly to moderately foliated. Plagioclase, quartz, 
sphene, epidote, white mica, apatite, and opaques are present in both phases (Fig. 
30). Potassium feldspar was not identified in thin-section or in hand sample 
(sodium cobaltinitrate staining), however Misch (1979) did map granodioritic 
varieties in the pluton. The color index varies from 20 to 40, with the color index 
decreasing in the hornblende-poor peripheral rocks. Granophyric textures were 
observed. The plagioclase composition is calcic andesine, which commonly 
exhibits continuous normal zoning towards oligoclase-rich rims. Plagioclase 
crystals commonly contain inclusions of epidote. Epidote crystals are up to 2 mm 
in size, sub- to euhedral and rarely show compositional zoning (brown, pleochroic 
cores). Compositionally the epidotes are Fe-rich pistacites with a single 
microprobe analysis giving a Ps 26 composition (Appendix). Biotite commonly 
envelopes the epidote crystals. The epidote crystals are larger and better 
developed in the garnet bearing phase, as is white mica. The epidote is 
considered to be igneous, however the possibility that at least some of the epidote, 
in the hornblende biotite phase, is of metamorphic origin cannot be discounted. 
The textural features suggested by Zen and Hammarstrom (1984) as criteria for 
the magmatic origin of epidote are observed. Microprobe analysis of hornblende
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(Appendix) suggests pargasitic compositions, with A1203 and Ti02 content 
increasing from core to rim. Hornblende in association with garnet was observed 
in one sample (21C) and looked to be in disequilibrium, with biotite replacing 
hornblende along cleavage planes. In general, hornblende is progressively 
replaced by biotite and garnet as deformation increases in the Marble Creek 
Pluton. The garnet may be igneous in origin, with the outer margin of the 
intrusive becoming more aluminous due to interaction with the country rock.
Figure 28. Hand sample photograph of biotite hornblende quartz diorite/tonalite 
from the Marble Creek Pluton. Sample 118-21A from the east side of Monogram 
Lake basin, elevation 5100’.
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Figure 29. Hand sample photograph of biotite garnet leuco(?)-tonalite from the 
Marble Creek Pluton. Biotite defines a subhorizontal lineation in the Si plane. 
Sample 118-37A from the western margin of the Marble Creek Pluton, elevation 
1350’.
Figure 30. Photomicrograph of biotite hornblende tonalite from the Marble 
Creek Pluton. Biotite (b), hornblende (h), epidote (e), plagioclase (p), quartz (q) 





Occurring in the Marble Creek Pluton are two compositionally distinct dike 
sets (white mica bearing and garnet, biotite bearing) that are post Marble Creek 
Pluton and pre- to syn-metamorphic. Neither dike lithology was observed in the 
Haystack Creek Pluton or the Cascade River Schist, however a white mica-bearing 
dike was observed in the Marblemount Meta-Quartz Diorite (ID). Babcock and 
Misch (1988) describe foliated, muscovite-bearing pegmatites in the Marblemount 
Meta-Quartz Diorite, to the north of the study area. Both dike lithologies are 
strongly foliated, with the foliation parallel to the regional fabric and defined by 
aligned micas. Contained within the foliation is a steep, northwest plunging 
lineation defined by the micas.
Trondhjemitic, muscovite-bearing dikes (19L, 21L) are medium-grained and 
composed of plagioclase (calcic oligoclase), muscovite and quartz. Quartz and 
plagioclase also are present as a fine-grained (< .5 mm) re crystallized matrix. 
Accessory zircon is present, and no opaque minerals are observed. Possible relict 
tartan twinning was observed, but sodium cobaltinitrate staining of slabs and thin 
-sections revealed no potassium feldspar. Granophyric textures are present.
These dikes may be petrographically similar to pegmatitic dikes in the Dumbbell 
Mountain area which yielded U/Pb zircon ages of 90 Ma (Mattinson, 1972).
A single garnet-bearing dike (21F) was observed and its relationship to the 
muscovite-bearing dikes is unknown. The dike is fine grained (< .5 mm), with 
plagioclase (calcic oligoclase) and quartz porphyroclasts and garnet porphyroblasts
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up to 3 mm in diameter. The matrix consists of polygonal, mosaic plagioclase, 
sutured quartz with slightly undulose extinction, and aligned epidote, biotite, white 
mica. Elongate pods of biotite define the steeply northwest plunging lineation. 
Chlorite is associated with biotite and garnet; it is Fe-rich and retrograde.
Discussion
The Marble Creek Pluton is a syn-metamorphic intrusive that was deformed 
and recrystallized during Skagit metamorphism. Zoning in some hornblende 
suggests disequilibrium of the magmatic hornblende during metamorphism. 
Magmatic epidote and garnet (?) suggests high pressure (> 6 Kb) during 
crystallization of the magma. The general concordancy of the intrusion with 
adjacent metamorphic rocks, and the lack of a hornfels also suggests emplacement 
relatively deep emplacement.
Haystack Creek Pluton
Discordantly intruding the Cascade River Schist in the Little Devil Peak area 
is the Haystack Creek Pluton (20G, 23D) (Figs. 3 and 5). The Haystack Creek 
Pluton was described by Misch (1979) as a late- metamorphic, leuco-trondhjemitic 
orthogneiss. The composition of the Haystack Creek Pluton varies from biotite 
tonalite in the core to biotite leuco-tonalite (Fig. 31) along the margins. The
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absolute age of the intrusive is unknown. Fabric in the Haystack Creek Pluton is 
directionless to weakly foliated, with foliation defined by the alignment of biotite. 
The foliation is best developed along the margin of the pluton and could be 
protoclastic in origin and not related to regional deformation. Textures in the 
pluton are medium-grained, equigranular, except along the margins where 
plagioclase porphyroclasts (< 3.5 mm) are surrounded by finer grained plagioclase 
and quartz (< 2 mm). The mineral assemblage consists of plagioclase -I- quartz -f- 
biotite -I- white mica + epidote -I- apatite -I- sphene -h Mg-chlorite. The color 
index varies from 5 to 20. The plagioclase is a calcic oligoclase, subhedral and 
many twins are kinked. Along the margin of the pluton much of the plagioclase is 
cataclastic containing numerous fractures, undulose extinction and irregular, 
sutured crystal interfaces. Quartz is recrystallized throughout the pluton and along 
the margin of the pluton the sutured quartz subgrains become elongate. Some 
plagioclase exhibits normal, oscillatory zoning to sodic oligoclase rims.
Granophyric textures are observed. Potassium feldspar was not observed in 
thin-section or in stained slab sections. Both muscovite and biotite occur as large, 
sub- to euhedral grains as does sphene, epidote and apatite. Biotite commonly 
exhibits euhedral texture indicative of an igneous origin. Biotite in the 
directionless rocks is commonly bent with undulose extinction, while in foliated 
rocks the biotite is undeformed suggesting recrystallization. Epidote is 
medium-grained with sub- to euhedral crystals up to 3 mm in length and is 
commonly compositionally zoned (brown pleochroic cores) (Fig. 32). Epidote is
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often completely surrounded by biotite and rarely appears to be intergrown with 
quartz. Hornblende, usually considered as essential for the late-stage 
crystallization of magmatic epidote, is lacking in the mineral assemblage.
However Evans et al. (1987) have documented magmatic epidote in a hornblende- 
poor intrusive from a high-pressure environment. The association of epidote with 
igneous micas and sphene and the lack of well developed metamorphic minerals 
suggests that the epidote is of magmatic origin.
Discussion
The weak recrystallization of the Haystack Creek Pluton suggests late to post 
metamorphic emplacement of the intrusive. The pluton cuts the strong NW 
trending regional foliation and suggests that the intrusive is late to post tectonic. 
Fabric in the intrusive could be protoclastic in nature and would suggest a post 
tectonic emplacement age. A recent U/Pb age on the Marble Creek Pluton 
(Haugerud et al., manuscript submitted to GSA Bulletin) suggest a maximum age 
of 75 Ma for the Haystack Creek Pluton. The presence of magmatic epidote 
suggests that the pluton crystallized relatively deep in the crust.
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Figure 31. Hand sample photograph of biotite tonalite from the Haystack Creek 
Pluton. Sample 118-23D from the western side of the Little Devil Peak Glacier, 
Haystack Creek basin, elevation 6300’.
Figure 32. Photomicrograph of biotite tonalite from the Haystack Creek Pluton. 




Numerous post-metamorphic dikes occur in the study area. Two general 
phases can be distinguished, an early mafic (silica deficient) phase and a later 
more felsic phase that is silica saturated. The dikes vary in strike from 
north-northeasterly to easterly and are nearly vertical. The absolute ages of these 
dikes are unknown. The 45 Ma Rb/Sr age on late lineated dikes present in the 
Skagit Metamorphic Suite (Babcock et al., 1985) suggests a maximum age for their 
emplacement.
Mafic Phase
Mafic dikes (sample 41K, 23E, 211, 19K) are common throughout the field 
area and were observed intruding all of the forementioned rock units. The mafic 
dikes would be classified as lamprophyres on the basis of prominent mafic 
phenocrysts. Plagioclase phenocrysts are locally present in association with mafic 
phenocrysts. The dikes are black to light gray and vary between 0.5 and 10 m 
wide. Textures are porphyritic with an aphanitic groundmass, with mafic 
phenocrysts (augite, hornblende, biotite) up to 3 mm in diameter. The rocks 
commonly exhibit flow foliation and chilled margins. At one locality (41K), a large 
lamprophyre dike is brecciated and intruded by a microgabbro (?).
Mineralogy consists of plagioclase + clino-pyroxene + hornblende + biotite -l- 
opaque + rutile. Plagioclase is subidiomorphic and fine-grained with phenocrysts
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up to 3 mm in length observed in one sample (19K). The crystals are zoned with 
the cores being more calcic than the rims. Mafic phenocrysts are commonly 
glomerophyric and consist of altered clino-pyroxene (augite) with hornblende rims. 
The hornblende is commonly replaced by biotite and chlorite with associated 
sphene. Hornblende and biotite also occur as distinct crystals. Opaque minerals 
commonly have rutile rims.
Felsic Phase
Felsic dikes (sample 20H, 24J) were observed in the area, but are not as 
numerous as mafic dikes. In the Little Devil Peak area, a felsic dike was observed 
(Fig. 34) to crosscut a lamprophyre dike suggesting that the felsic intrusives 
represent a later igneous phase. The dikes are fine- to medium-grained, 
porphyritic and light gray to white in color. The dikes show flow foliation along 
their margins and are miarolitic. The dikes contain anhedral quartz and 
saussuritized plagioclase, with mafic phases consisting of hornblende, biotite and 
chlorite. Sphene is found in the alteration halos around hornblende. Accessory 
opaque minerals, apatite and rutile are also present. These intrusive would 
classify as quartz diorite to diorite.
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Figure 33. Photograph of Little Devil Peak (6986’) with the Little Devil Glacier in 
the foreground; view looking north. Dark rocks are biotite schist and amphibolite 
of the Cascade River Schist (CRS) with the skyline ridge composed of weakly 
foliated Haystack Creek biotite tonalite (HCP). A late, miarolitic, felsic dike (Td) 
cuts through the notch to the right of the peak.
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CONTACT RELATIONS
Marblemount Meta-Quartz Diorite - Cascade River Schist of Lookout Mountain 
The contact between the Marblemount Meta-Quartz Diorite and the Cascade 
River Schist is difficult to interpret, as it has been modified by subsequent 
metamorphism and deformation. In the study area this contact is either 
transitional or faulted (Fig. 5) (Plate I). Faulted contacts include the high-angle 
fault on the west end of Lookout Mountain that juxtaposes the Marblemount 
Meta-Quartz Diorite against Cascade River Schist. This fault truncates mappable 
northwest trending petrofacies in the Cascade River Schist and the northwest 
trending regional fabric. The fault is one of several en echelon structures mapped 
by Fugro, Inc. (1979). To the southeast, the contact is highly sheared as it 
approaches the Le Conte - Entiat fault. However, across the south face of 
Lookout Mountain the contact is transitional. Qn the west ridge of Lookout 
Mountain, above the Day Creek drainage, medium-grained Marblemount 
Meta-Quartz Diorite is intermixed with andesitic meta-tuff of the Cascade River 
Schist (Fig. 34). The contact appears irregular and climbs in elevation to the 
southeast. Also present in this area are large (1-2 m) blocks of andesitic meta-tuff 
(e.g., 26F) which are surrounded by Marblemount Meta-Quartz Diorite. Locally 
present in the Cascade River Schist near the top of the ridge are small, 
medium-grained pods of trondhjemite. In the Hell Creek drainage the contact is 
difficult to pinpoint. Medium-grained igneous rocks are present up to 1800‘ where 
a thick meta-tuff breccia (15A) crops out. Outcrops from 1000’ to 1450“ exhibit
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mixing of fine- and medium- grained lithologies (Fig. 35). The contact between 
lithologies commonly does not parallel the regional fabric suggesting that the finer 
grained portions do not represent mylonites. The transitional contact appears to 
represent the change from an intrusive to an extrusive enviroment. The mixing of 
lithologies suggests intrusion of the Marblemount Meta-Quartz Diorite in a 
shallow subvolcanic environment. Misch (1966) suggested that this contact 
represented an unconformity, with the Marblemount Meta-Quartz Diorite 
constituting basement. This conclusion was based on lithologic similarity between 
tonalite clasts in the meta-conglomerates of the Cascade River Schist and the 
Marblemount Meta-Quartz Diorite. Whole rock chemistry of tonalitic clasts is 
similar to the Marblemount Meta-Quartz Diorite and petrographically the rocks 
are similar. However, the polymict nature of the meta-conglomerates suggests 
that other sources were present. Whole rock chemistry of dacitic clasts in the 
meta-conglomerates is very similar to dacitic/rhyolitic meta-tuffs present in the tuff 
petrofacies. The tuff petrofacies also contains other lithologies (limestone, 
andesitic tuffs, felsic tuffs, volcaniclastics) which are present as clasts in the meta­
conglomerate. At no locality in the field area was monolithic (tonalitic) meta­
conglomerate observed and the meta-conglomerate was never observed adjacent 
to the Marblemount Meta-Quartz Diorite. The intervening tuff petrofacies 
separates the meta-conglomerate of the Cascade River Schist from the 
Marblemount Meta-Quartz Diorite. Textures, clast compositions, and the poor 
sorting and rounding of clasts suggests that meta-conglomerates represent debris
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flow deposits possibly related to explosive felsic volcanism. U/Pb zircon 
geochronology suggests that a dacitic meta-tuff cropping out between the meta­
conglomerate and meta-tonalite is approximately the same age (220 Ma) as the 
Marblemount Meta-Quartz Diorite. Field relations indicate that the contact 
between the tuff and conglomerate petrofacies is depositional. ich diorites of the 
Marblemount Meta-Quartz Diorite which outcrop near the contact could 
represent a marginal intrusive phase. The mixing of plutonic and volcanic 
lithologies, coeval nature of the igneous rocks, and the inferred depositional 
setting of the meta-conglomerates suggest that the Marblemount Meta-Quartz 
Diorite - Cascade River Schist contact is transitional/intrusive and the two units
are cogenetic.
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Figure 34. Outcrop photograph of an intrusive contact between the Marblemount 
Meta-Quartz Diorite (Mm) (light colored) and Cascade River Schist (CRS) (dark 
colored). In this area, blocks of greenschist are incorporated as xenoliths within 
the intrusive. Sample 118-38C from the 5233’ knob , west ridge of Lookout 
Mountain, elevation 5100’.
Figure 35. Outcrop photograph of mixed medium-grained Marblemount Meta- 
Quartz Diorite (Mm) and fine-grained, andesitic meta-volcanics of the tuff 




Cascade River Schist of Monogram Lake - Marble Creek Pluton
In the vicinity of lower Monogram Creek, greenschist facies Cascade River 
Schist crops out within 100 m of the Marble Creek Pluton (see Plate 1) and no 
evidence of contact metamorphism was observed. High-grade Cascade River 
Schist screens cropping out in the pluton adjacent to the low-grade units are 
metamorphosed to the amphibolite facies, containing coarsely crystallized 
hornblende and garnet. In this area the contact between the greenschist facies 
Cascade River Schist and the Marble Creek Pluton is tectonic and is suggested to 
represent the trace of the Le Conte - Entiat fault.
To the northwest, in the Meadow Creek drainage (Fig. 5), a section of 
high-grade Cascade River Schist (Monogram Lake unit) crops out along the 
margin of the Marble Creek Pluton. The foliation in the two units is concordant 
and the screens of Cascade River Schist can be followed away from the igneous 
contact. In this area the Marble Creek Pluton intrudes the Cascade River Schist.
Cascade River Schist of Monogram Lake - Haystack Creek Pluton
The contact between the Haystack Creek Pluton and the Cascade River Schist 
is shown in Figure. 33. The Haystack Creek Pluton intrudes and cuts the the 
regional foliation in the Cascade River Schist and incorporates numerous xenoliths 
of Cascade River Schist. No evidence of contact metamorphism in the schists or a 
chill margin in the intrusive was observed, suggesting that the Cascade River Schist 




Metamorphic mineral assemblages of the Cascade River Schist of Lookout 
Mountain and Marblemount Meta-Quartz Diorite are indicative of the greenschist 
facies. The variation in protolith composition of these rock units, especially the 
Cascade River Schist, complicates attempts to document a metamorphic gradient 
based on changing mineralogy. Metamorphic mineral assemblages include:
1) andesitic-dioritic-graywacke protoliths: albite -I- chlorite -I- epidote -t- 
quartz -I- white mica -I- biotite -f- Ca amphibole -f sphene -I- opaque -I- apatite + 
tourmaline.
2) basaltic protoliths: albite + chlorite + epidote -I- Ca amphibole -l- 
magnetite -I- ilmenite.
3) pelitic protoliths: white mica (muscovite) -t- biotite + oligoclase -t- chlorite
-I- chloritoid -I- quartz -I- hematite -I- tourmaline.
Chlorite is present in all of the rock units in the Lookout Mountain area, as is 
biotite. However, the abundance of biotite increases from the Marblemount 
Meta-Quartz Diorite towards the pelite petrofacies of the Cascade River Schist.
In the tuff petrofacies of the Cascade River Schist and in the Marblemount 
Meta-Quartz Diorite, biotite is mainly present interleaved with chlorite, while in 
the pelite petrofacies of the Cascade River Schist biotite is coarsely crystallized. 
Ca-amphibole is distributed throughout the area, with Ca-amphibole from the tuff 
petrofacies of the Cascade River Schist ranging from actinolite to actinolitic
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hornblende (Appendix; Fig. 36) following the classification of Leake (1978). The 
composition of Ca-amphiboles in the other petrofacies of the Cascade River Schist 
were not analyzed. It is noted that actinolite-bearing (?) outcrops are associated 
with adjacent garnet-bearing outcrops in the pelite petrofacies of the Cascade 
River Schist and the Ca-amphibole could be Al-rich. Plagioclase coexisting with 
epidote throughout the area is albitic (An <5) (Appendix), with the exception of 
oligoclase (An 15-20) porphyroblasts in a single sample, which lacked epidote.
The composition of garnet from the pelite petrofacies of the Cascade River Schist 
is unknown. Chloritoid is present in pelitic protoliths in the conglomerate 
petrofacies of the Cascade River Schist.
Metamorphic mineralogy suggests that rock units in the Lookout Mountain 
area were metamorphosed in the upper greenschist facies (biotite and/or garnet 
index zones). An increasing temperature gradient, from the southwest to the 
northeast, is possible based on the distribution of biotite and garnet. However, 
the mineral distribution also could be ascribed to differences in the bulk 
composition of the protoliths. Temperatures during metamorphism of 350-450°C 
are generally estimated for other metamorphic regions with similar mineralogy 
(Turner, 1968, 1981).
An approximation of pressure during greenschist facies metamorphism can be 
made from the Na(M4) content in actinolite in the reaction assemblage albite -I- 
chlorite + amphibole -I- magnetite (Brovm, 1977) (Appendix). Figure 37 shows 
the Na (M4) content versus Al(iv) in amphiboles from the tuff petrofacies of the
Cascade River Schist compared to those from other terranes with established 
metamorphic pressures. Pressures of 3 to 4 Kb during metamorphism are 
suggested. The trend of the data points on this diagram is such as to suggest 
crystallization under somewhat variable P-T conditions, as A1 content increases 










Figure 36. Composition diagram. Si02 vs MgO/MgO + FeO; the diagram shows 
the range of composition of calcic amphiboles from the study area (Leake, 1978). 
+ = analyzes from greenschist in the tuff petrofacies of the Cascade River Schist;
□ = analysis from a quartzofeldspathic schist from the Monogram Lake area; x =





















Figure 37. Plot of Al(iv) vs Na(M4) in calcic amphiboles from the tuff petrofacies 
of the Cascade River Schist. Metamorphic pressures obtained by comparison to 
other metamorphic terranes from Brown (1977). Microprobe analyzes are given 
in Appendix. Sample locations are shown in Plate 2.
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Monogram Lake area
The Cascade River Schist of Monogram Lake was metamorphosed under P-T 
conditions of the amphibolite facies. Mineral assemblages include:
1) basaltic protolith: hornblende + plagioclase + epidote + rutile ±_ garnet.
2) quartzo-feldspathic protolith: biotite + quartz + plagioclase + garnet +
hornblende + white mica + Mg-chlorite + epidote + sphene + opaques.
3) Ca-rich protoliths: calcite + grossular + diopside + quartz + sphene +
wollastonite.
4) Mg-rich protoliths: forsterite + magnesite + talc + tremolite (Mg
cummingtonite?) + opaques.
Hornblende-staurolite and staurolite-kyanite assemblages in correlative units to the 
south of the area are reported by Whitney (1987) and Dragovich (1989).
The temperature during metamorphism is estimated from the composition of 
coexisting biotite and garnet and coexisting garnet and ilmenite (Appendix) (Table 
3). The location of the sample sites is shown in PI. 2. Garnet-biotite temperatures 
are calculated using the model of Ferry and Spear (1978) and range from 477 to 
610°C. Garnet-ilmenite temperatures were calculated using the model of 
Pownceby et al. (1987a, 1987b) and range from 743 to 935°C. Ideal solution was 
assumed for all components; this assumption is probably in part responsible for 
the wide variation in calculated temperatures. Sample 19F which yields a 610°C 
temperature was calculated using garnet compositions low in Mn and Ca 
components approximating an Fe-Mg system similar to that used by Ferry and
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Spear (1978). This temperature is the most reasonable of the four calculated and 
a temperature of 600°C is used in calculating pressures.
Metamorphic pressures were calculated using the GRIPS (garnet, rutile, 
ilmenite, plagioclase, silica) equilibria (Bohlen and Liotta, 1986) for the Cascade 
River Schist. The pressure during emplacement of the Marble Creek Pluton was 
calculated on the basis of Al-content in hornblende (Hammarstrom and Zen,
1986; Hollister et al., 1987); and the emplacement pressure of the Haystack Creek 
Pluton was inferred by the presence of magmatic epidote (Zen and 
Hammarstrom, 1984; Zen, 1985).
In applying the GRIPS geobarometer, the solution model of Ganguly and 
Saxena (1984) was used to derive the activity coefficient of the grossular 
component; the solution of the almandine component was considered to be ideal. 
Plagioclase activity was calculated as discussed in Newton and Hazelton (1981) 
using the Al-avoidance model of Kerrick and Darken (1975). Ideal solution was 
assumed for the activity of ilmenite. Temperatures of 600°C were used to 
calculate pressures. Microprobe data are shown in the Appendix and the sample 
localities are shown in PI. 2. A tentative estimate of pressure during 
metamorphism of the Cascade River Schist in the Monogram Lake area using the 
GRIPS geobarometer is 9.5 ± 1 Kb.
Pressure during crystallization of the Marble Creek Pluton is estimated from 
the Al content in hornblende as suggested by Hammarstrom and Zen (1986). 
Pressures are calculated using the equations of Hollister et al., (1987), and of
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Table 3. Temperature estimates during metamorphism using Fe-Mg exchange in 
garnet-biotite and garnet-ilmenite pairs. Microprobe analyzes are given in the 
Appendix. Sample locations are shown on Plate II.
Table 4. Pressure estimates during metamorphism using the GRIPS 
geobarometer. Microprobe analyzes are given in the Appendix. Sample locations
are shown on Plate II.
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Table 3
Sample Garnet Biotite Ilmenite Temperature
XFe XMg XMn XCa XFe mg XFe XMg XMn 2_
19F .67 .26 .01 .06 .33 .67 612
20F .56 .05 .13 .26 .58 .42 .91 0.0 .07 477 935
22D .61 .07 .05 .28 .96 .01 .01 743
Temperatures calculated using 7 Kb pressure. Microprobe analyses of rim 
compositions. XFe(biotite) = Fe/(Fe + Mg+ Mn+ Ti+ Al(vi)). *Sources: 1- 
Ferry and Spear (1978); 2-Pownceby et al.(1987a, 1987b).
Table 4
Sample Garnet Plag Imenite logK Pressure
XFe XMg XMn XCa XAn XFe XMg XMn ♦
20F .56 .05 .13 .26 .58 .91 .00 .07 3.68 9.6
22D .61 .07 .05 .28 .28 .96 .01 .01 3.94 9.5
Pressure calculated using 600° C. Microprobe analyses of rim compositions. * 
Source: Bohlen and Liotta (1986). Activities of almandine and ilmenite 
considered ideal, of grossular from Ganguly and Saxena (1984),and of anorthite 
from Newton and Haselton (1981).
K = [(ilm)^ (plsg)^ (qtz)^V [(grossular)^ (almandine)*^]
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Sample XAlltotaD Pressure xAlftotan Pressure
rim 1 2 core 1 2
118-21A 2.73 10.6 9.8 2.08 7.0 6.5
118-21B 2.30 8.2 7.6 2.05 6.8 6.4
118-21B1 2.13 7.3 6.8
Ca-amphibole microprobe analyzes recalculated to 23 O (Bence-Albee). Pressures 
calculated using core and rim compositions. All Fe as Fe2+. Sources; 1- 
Hollister et al. (1987); 2--Hammarstrom and Zen (1986).
1- P(±l Kb) = -4.76 + 5.64 (Al(total))
2- P(±3 Kb) = -3.92 -h 5.03 (Al(total))
Table 5. Pressure estimates during crystallization of the Marble Creek Pluton. 
Microprobe analyzes are given in the Appendix. Sample locations are shown on
PI. II.
Hammarstrom and Zen (1986). Hornblende microprobe analyses are shown in 
Appendix. The composition of hornblende from the Marble Creek Pluton is 
similar to hornblende reported from other high-pressure plutons by Hammarstrom 
and Zen (1986) (Figs. 38 and 39). Some hornblende grains are zoned with respect 
to A1203, Ti02, and Si02. A1203 content increases toward the rims, while Ti02 
and Si02 content decreases towards the rims. However, some hornblende grains 
show only small variations in composition from core to rim (see Table 6). The
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effects of A1203 zoning on calculated pressures is fairly large, as shown in Table 
5. Core compositions suggest lower pressures relative to rims. Rim compositions
suggest pressures in the range of 7.3 to 10.6 Kbar (Hollister et al, 1987 
calibration) which brackets the pressure calculated for the Cascade River Schist 
using the GRIPS geobarometer. Hollister et al., (1987) reported zoned 
hornblende with core to rim variance of A1203 up to 0.2 atoms and suggested that 
the variability may result from the presence or absence of a phase (e.g. potassium 
feldspar). They suggested that only hornblende rim compositions be used in 
application of the geobarometer as rim compositions would have crystallized in 
equilibrium with all phases and the melt. The variance of A1203 from core to rim 
in some hornblende from the Marble Creek Pluton is greater than 0.5 atoms.
This large variability in some hornblendes suggests that zoning is not the result of 
buffering mineral reactions. The increase in A1203 content towards the rims of 
hornblende could be due to increasing pressure during crystallization of the 
magma. Alternatively, rim compositions could represent P-T conditions during 
metamorphism. The Al-rich hornblende rims are compositions rare or unknown 
in igneous environments (Fig. 39) (Leake, 1971), suggesting a metamorphic origin. 
K-feldspar is absent from the mineral assemblage of the Marble Creek Pluton. As
such, all calculated pressures are maximum pressures.
Zen and Hammarstrom (1984) suggested that the occurrence of magmatic 
epidote in tonalitic, calc-alkaline plutons is an indicator of high-pressure (> 6-8 
Kb) during emplacement. The notion that all occurrences of magmatic epidote
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Sample 118-21A1 Sample 118-21B1
core rim @ core rim @
Si 6.72 6.32 -0.40 6.60 6.56 -0.04
Al 2.23 2.78 -1-0.55 2.08 2.03 -0.05
Fe 1.93 2.14 -fO.21 2.03 2.13 +0.10
Mg 2.18 1.89 -0.29 2.30 2.32 +0.02
Ca 1.80 1.76 -0.04 1.80 1.76 -0.04
Na 0.43 0.48 -<-0.05 0.42 0.43 +0.01
K 0.10 0.14 -hO.04 0.12 0.12 0.0
Ti 0.10 0.07 -0.03 0.15 0.16 +0.01
Mn 0.05 0.05 0.0 0.04 0.04 0.0
Al(iv) 1.28 1.68 -fO.04 1.40 1.44 +0.04
Na -1- K0.53 0.62 -hO.09 0.54 0.55 +0.01
Al(vi) 0.95 0.47 +0.15 0.68 0.59 -0.09
Mg/Mg-f-Fe 0.53 0.47 -0.06 0.53 0.52 -0.01
Table 6. Core-rim compositions of zoned hornblende from the Marble Creek 
Pluton.
indicate high-pressure crystallization has been questioned (Moench, 1986; Tullock, 
1986; Saavedra et al., 1987), however Zen and Hammarstrom (1984, 1986) and 
Evans and Vance (1987) present convincing data documenting the high-pressure 
environment of some occurrences of magmatic epidote. Magmatic epidote is 
commonly associated with high-Al hornblende (Fig. 39).
A single microprobe analysis of epidote from the hornblende-bearing phase
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of the Marble Creek Pluton is given in the Appendix. Pressure during 
crystallization of the Marble Creek Pluton as inferred from A1(T) in hornblende 
suggests that P conditions favorable to crystallization of magmatic epidote are 
present. The best candidates for epidote of magmatic origin in the Marble Creek 
Pluton are those grains exhibiting compositional zoning (brown pleochroic, 
allanitic cores).
The Haystack Creek Pluton contains medium-grained white mica, epidote, 
sphene and biotite. The pluton has undergone a minimal amount of metamorphic 
re crystallization and contacts are discordant to the regional fabric. The epidote 
crystals are sub- to euhedral, commonly exhibit brown, pleochroic cores, and some 
are quite large (3 mm) (Fig. 32). Epidote is not associated with plagioclase and 
commonly exhibits deformation similar to that observed in plagioclase, biotite and 
sphene. The epidote is associated with euhedral sphene, biotite and white mica 
that are interpreted to be of magmatic origin. The presence of magmatic epidote 
suggests pressure during emplacement of greater than 6 Kb for the Haystack 
Creek Pluton.
A problem in the application of the epidote geobarometer to the Haystack 
Creek Pluton is the nature of the mineral assemblage and how the assemblage 
may vary without affecting the geobarometer. The work of Zen and 
Hammarstrom (1984) is based on hornblende-bearing assemblages. Hornblende is 
not present in the Haystack Creek Pluton and the effect of its absence in the 
mineral assemblage in relation to this qualitative geobarometer has not been fully
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Figure 38. Plot of A1(T) vs Al(iv) in calcic amphiboles from the Marble Creek 
Pluton, field boundaries from Hammarstrom and Zen (1986). Boundaries - Al(vi) 
= 0 is the limiting condition were A1(T) = Al(iv), with no A1 as Al(vi). Lower 










Figure 39. Plot of Al(iv) vs MgO/MgO + FeO. The diagram, modified from 
Hammarstrom and Zen (1986), shows the general range of compositions of calcic 
amphiboles from low- and high-pressure igneous environments, -f- = analyzes 
from greenschist in the tuff petrofacies of the Cascade River Schist; □ = analysis 
from a quartzofeldspathic schist from the Monogram Lake area; x = core and o = 
rim analyzes from the Marble Creek Pluton.
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addressed in the literature. Recent work by Evans and Vance (1987) suggests that 
assemblages lacking hornblende, but containing magmatic epidote may form in 
high-pressure, magmatic environments. However, the absence of hornblende 




Structural analysis of the rocks of the Crystalline Core is of importance in the 
interpretation of its tectonic evolution. This section describes the structural 
elements that comprise the internal fabric of the Marblemount Meta-Quartz 
Diorite, Cascade River Schist of Lookout Mountain and Monogram Lake, and the 
Marble Creek Pluton, and the orientation of those elements in space. Finite 
strain analysis of deformed clasts allows analysis of the bulk strain geometry of the 
area. The sense of shear expressed in the fabric is related to a possible tectonic 
transport direction. Lastly, the growth of metamorphic minerals will be related to 
these structures to more completely describe the timing of deformation.
Fabric Elements
Two significant deformational events have affected the rocks of the study area. 
An early, penetrative deformation (Di) affects all lithologies in the study area. 
Locally, this deformation is weakly developed, especially in the meta-igneous 
lithologies. A later deformation (D2) is well developed in the meta-pelite 
petrofacies of the Cascade River Schist of Lookout Mountain. .
The Di deformation is manifested by a penetrative Si foliation. This foliation 
is strongly developed in the rock units in the Lookout Mountain area, with the 
exception quartz-poor igneous lithologies. The Si foliation is well developed in the
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Monogram Lake area, except in the ultramafic units. Sj foliation is defined by the 
alignment of metamorphic mica, epidote, and amphibole, and by flattened relict 
sedimentary clasts and felsic porphyroclasts and by segregation of quartz and 
feldspar from mafic minerals (Figs. 7, 11, 13, 24, 25). At the outcrop scale, Sj 
foliation is parallel to compositional layering and to gross stratigraphic layering, 
where present. Locally, compositional layering is observed to intersect Sj at a high 
angle. This is observed at the contact of the Marblemount Meta-Quartz Diorite 
and Cascade River Schist of Lookout Mountain where plutonic and volcanic 
lithologies intermix.
Associated with the Sj foliation is a lineation (Li) that is defined by elongate 
lithic clasts and porphyroclasts and also by the alignment of metamorphic 
amphiboles and micas (Figs. 7, 19, 29). Lj lineation is locally well developed in 
the Marblemount Meta-Quartz Diorite; in the tuff and conglomerate petrofacies 
of the Cascade River Schist of Lookout Mountain; and in the Marble Creek 
Pluton. The Li lineation is best developed in shear zones/mylonites which have 
concentrated strain during deformation. No Dj folds are observed in the field.
A later deformation, D2, is developed in the pelite petrofacies of the Cascade 
River Schist, and is locally generated in the Marblemount Meta-Quartz Diorite, in 
the tuff and conglomerate petrofacies of the Cascade River Schist, and in the 
Cascade River Schist of Monogram Lake. This deformation produced similar and 
kink folds (F2), a crenulation lineation (L2C) and a locally developed S2 foliation 
(S2M axial planar mineral growth; S2F spaced fracture cleavage). F2 folds deform
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the Si foliation with fold amplitudes ranging from millimeters to a few ten’s of 
meters (Fig. 24). Interlimb angles of the folds range from open to tight and axial 
surfaces vary from upright to recumbent. The folds are similar in style (Class 
3)(Ramsay, 1967) with thinned limbs and thick hinge zones, although some have a 
kink geometry. The limbs of the folds commonly have parasitic s and z folds and 
crenulated hinge zones which suggest the development of an incipient S2. Locally, 
S2M is defined by the growth of biotite that cuts earlier Si fabric in the pelite 
petrofacies of the Cascade River Schist (Fig. 25). S2F, a spaced fracture cleavage, 
is locally developed in the Marblemount Meta-Quartz Diorite and the 
conglomerate petrofacies of the Cascade River Schist. Associated with the 
development of F2 is a crenulation lineation (L2) that represents the intersection 
of Si foliation with F2 fold axes.
Deformation post-dating Di and Dj
A fault mapped by Fugro, Inc. (1979) was observed on the west end of 
Lookout Mountain (Plate 1). The fault is a high angle, north-northwesterly 
trending structure that juxtaposes Marblemount Meta-Quartz Diorite against 
Cascade River Schist of Lookout Mountain. This structure truncates So and Si 
fabrics developed in the greenschist facies units. Subhorizontal slickensides plunge 
to the northwest and suggest right - lateral offset. The Marblemount Meta-Quartz 
Diorite adjacent to the structure is weakly foliated, being quite different from the
highly sheared, lithologically mixed Marblemount Meta-Quartz Diorite 
outcropping on the south face of Lookout Mountain.
The northwesterly trending Le Conte - Entiat fault cuts through the study area 
(Fig. 5). The fault places, greenschist faces, arc affinity Cascade River Schist 
against amphibolite facies, oceanic/forearc affinity Cascade River Schist. The 
structure also juxtaposes the deep-seated. Marble Creek Pluton against the low- 
grade Cascade River Schist. A metamorphic pressure gradient of 5 Kb across the 
structure suggests dip-slip displacement of 15 km on the structure.
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Fabric Orientation
The orientation of S-surfaces, fold axes, and lineations for the study area can 
best be presented on equal-area projections. The study area is divided into two 
domains on the basis of the dip of the northwesterly trending Sj foliation and the 
variability of the rake of the Lj lineation. The boundary of the two domains is 
shown in Figure 40 and represents the trace of the Le Conte - Entiat fault.
Within domain A, the Sj fabric dips southwest, and Lj rakes gently to the 
northwest. Domain A encompasses the greenschist facies rocks in the Lookout 
Mountain area. In domain B the Si dips to the northeast and the rake of Lj 
varies from shallow to steep. Domain B includes amphibolite facies rocks of the 
Monogram Lake area.
Data from domain A, representing 163 poles to Si are shown in Figure 41. A
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best fit great circle through the data suggests that the points have been folded 
around a shallowly plunging, northwest trending axis. Much of the scatter in the 
data, in the northwest and southeast quadrants is acquired from the pelite 
petrofacies of the Cascade River Schist of Lookout Mountain. In this area. Si is 
re-oriented by F2 folds.
Data from domain B, representing 57 poles to Si are shown in Figure 42. The 
scatter in this data is attributed to orientations collected from schist bodies 
adjacent to the Marble Creek Pluton and Haystack Creek Pluton. Although a 
best fit great circle through this data cannot be determined, the poles are 
consistent with the great circle of Domain A.
Li lineation data from the study area is shown in Figures 40, 41 and 42. The 
Li lineations in domain A trend to the northwest, with a shallow plunge, mostly 
less than 25°. Minor southeasterly trending lineations with shallow plunges (<
10°) are also present (Fig. 40). The steeply plunging Li lineation data are from 
the Monogram Lake area. These steeply plunging lineations are developed in 
dikes cutting the Marble Creek Pluton and in the screens of Cascade River Schist. 
The steep lineation in the dikes could possibly represent flow lineation, however 
these dikes exhibit mylonitic textures suggestive of cataclastic deformation and 
recrystallization. The Li data set from domain B is to small to confidently suggest 
two deformational episodes on the basis of lineation orientations.
A few locations in domain B (e.g. west margin of the Marble Creek Pluton) 
exhibit a shallow, northwest plunging lineation from mylonitic shear zones very
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Figure 40. Lineation map of the study area showing domains A and B. Sense of 
shear where it could be determined is shown by arrows. Equal-area projections of 
data ( Figs. 41 and 42) show the general orientation of the lineations.
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Figure 41. Equal-area projections of D1 structural elements of domain A. Lower 






Figure 42. Equal-area projections of D1 structural elements of domain B. Lower 







Figure 43. Equal-area projections of D2 structural elements in the study area. 
Lower hemisphere projection, a) 31 fold axes lineations, open circles represent 
domain A, solid circles represent domain B; b) 7 poles to S2 foliation, open circles 
represent spaced fracture cleavage, closed circles represent incipient penetrative 
foliation; c) 9 L2 lineations, open circles represent crenulation lineation (L2C), 





similar to those found in domain A The similar orientation (northwest trending, 
shallowly plunging) of both stretching and most metamorphic mineral lineations 
suggests that they formed simultaneously or at least under similar deformational 
regimes. The nature of the steeply plunging lineations and their relation to the 
shallowly plunging lineations is uncertain. Along the western margin of the 
Marble Creek Pluton, a N45W trending regional fabric without a prominent 
mineral lineation is deformed by mylonite zones with the lineation defined by 
elongate biotite. The northwest trending fabric is similar to that found in the 
Monogram Lake area where a strong lineation is not developed in the pluton, but 
the steep lineation is present in adjacent schists. This relationship suggests that 
the steep lineations present in the amphibolite facies rocks in the Monogram Lake 
area formed earlier than the shallow lineations, prevalent west of the Le Conte - 
Entiat fault.
Figure 43 represents F2, S2, L2 data for the entire area, with 90% of the data 
being from Domain A Only a few S2 and L2 orientations were collected from the 
study area. F2 fold axes throughout the area trend west to north, with a general 
northwesterly trend and plunge to the northwest. The plunges are highly variable 
(0 to 70®) as are the orientations of the axial planes (upright to recumbent).
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Finite Strain
Finite strain measurements from various locations in the field area were 
obtained to document the bulk strain and to compare strain magnitudes within the 
study area. Protoliths sampled include conglomerate (16B, 33G, 40A), and lapilli 
tuff (15G, 26F, 5D). The axial lengths of particles were measured, when possible 
in the planes of principal strain (XY, XZ, YZ) and the angle the long axis of the 
clast would form with an arbitrary line were also recorded. The mean axial ratios 
(R) of the measured particles define the shape of the strain ellipse on each
section. The general shape of the strain ellipsoid can also be described by the K 
value (Flinn plot), with values of K<1 indicative of an oblate spheroid and K>1 
suggestive of a prolate spheroid (Ramsay and Huber, 1983). These measurements 
represent the bulk finite strain of the rocks.
Methods used to determine strain are the arithmetic and harmonic means of 
the axial lengths, Rf/phi analysis, and the Fry Method (Ramsay and Huber, 1983). 
The finite strain data are given in Table 7. The finite strain data is 
uninterpretable, with several samples exhibiting XZ (maximum/minimum) ratios 
which are smaller than the XY (maximum/intermediate) ratios. Within a strained 
unit, X/Z should equal X/Y times Y/Z, and this relationship is not observed in the 
finite strain data. This phenomenon is present in data obtained using both the Fry 
method and measurement of axial lengths. A possible explanation, when using 
axial length measurements, is that the conglomerate clasts may have had a pre- 
deformational ellipticity (not a perfect sphere), which affected the bulk strain
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Finite Strain Data
Sample Plane Arithmetic Harmonic Rf/phi Fry
XY 5.3 4.5
16B XZ 5.2 4.7
YZ 2.1 1.8
K(log) 2.5 2.6
XY 3.0 2.1 2.2
33G XZ 4.9 2.0 2.8
YZ 2.0 1.8 1.9
K(log) 1.5 1.2 1.2
XY 3.1 2.8 2.5
40A XZ 2.9 2.4 2.4
YZ 2.4 2.3 1.9













Table 7. Finite strain data from meta-conglomerates (16B, 33G, 40A); meta-tuffs 
(15G, 5D) and meta-wackes (26F). Sample locations are shown in Plate II.
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results. How this bulk strain occurs, when using the Fry method, is unknown.
Kinematic Interpretation of Li lineation
The relationship of elongation directions in deformed rocks to kinematic 
regime is complex. Many workers (Escher and Watterson, 1974; Ramsay and 
Huber, 1983; Shackleton and Ries, 1984) have suggested that the Li lineation 
represents the direction of tectonic transport, where the deformation mechanism is 
that of simple shear.
Sense of Shear
The sense of shear in rocks from the study area has been determined using 
the criteria of Simpson and Schmid (1983); Lister and Snoke (1984); Passchier and 
Simpson (1986); and Ramsay and Huber (1987). Rotated sigma-type 
porphyroclasts, S-C structure, microfaulting and boundinage suggests dextral 
simple shear, western block to the northwest (Figs. 44 and 45). Figure 40 gives 
the location of measured lineations in the field and the arrows give the shear 
sense, where it could be determined. Sense of shear determined from rotated 
porphyroclasts (Figs. 44a,b) is mostly dextral (>90 %) and S-C tectonites (Figs. 
45a,b) all yield dextral shear sense.
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Figure 44a. Photomicrograph (XZ plane) of an asymmetric rotated plagioclase 
porphyroclast from meta-wacke in the conglomerate petrofacies of the Cascade 
River Schist. Sense of shear is sinistral, however the slide is from the bottom of 
the sample; dextral sense of shear. Sample 118-36K, Cascade River road, 
elevation 1150’.
Figure 44b. Outcrop photograph of an asymmetric rotated quartz porphyroclast 
from the tuff petrofacies of the Cascade River Schist. View looking down on the 
XZ plane. Sample 118-36K from the Hell Creek drainage, elevation 2800’.
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Figure 45a. Outcrop photograph of S-C texture along the western margin of the 
Marble Creek Pluton. Regional foliation trends N45W and is cut by closely 
spaced shears trending N30W. Sample 118-37A, Steep Creek drainage, elevation 
1350’.
Figure 45b. Outcrop photograph of S-C texture in the Marblemount Meta-Quartz 
Diorite. Regional foliation trends N50W and is cut by a shear zone approximately 




Relationship of Metamorphic Minerals to Deformation 
In the Lookout Mountain area, biotite, chlorite and white mica define the Sj 
foliation. Locally, biotite and actinolite define a shallowly plunging lineation, Li. 
The S and L-S tectonites suggest that the simple shear mechanism responsible for 
deformation was active during greenschist facies recrystallization and continued 
through the crystallization of D2 biotite and plagioclase.
In the Monogram Lake area, biotite, hornblende, oligoclase/andesine, epidote 
and white mica define the Si foliation. Li lineations are not nearly as common as 
in the Lookout Mountain area and are defined by biotite and hornblende. The 
orientation of the Li lineation is quite variable. Garnet porphyroblasts have a 
variable relationship to Sj. Locally, they deflect the Sj foliation, suggesting 
the foliation formed after garnet growth. While other garnet crystals have sieved 
textures, full of quartz, plagioclase, and opaque inclusions and occasionally exhibit 
snowball structure. These features suggest syn- to late- deformational growth. 
Randomly oriented porphyroblasts of olivine in ultramafite units suggests 
crystallization during times of low strain or in areas of low strain.
Discussion
Two deformational events can be defined in the study area on the basis of 
cross-cutting structural features. In the Lookout Mountain area, Dj deformation 
occurred at greenschist facies P/T conditions, as did the ensuing D2 deformation.
However, some of the D2 structures, fracture cleavage and kink folds, suggest a 
transition to a brittle regime. The D2 structures are most likely related to earlier, 
ductile deformation and represent latest stage deformation at higher crustal levels.
Rotational features suggests that L-S tectonites in the Lookout Mountain area 
were deformed by plane strain. The orientation of the stretching and mineral 
lineations require that the tectonites developed in a right-lateral, strike-slip 
kinematic regime. A Late Cretaceous age for this deformation is suggested by the 
73 Ma Jordan Lake Pluton (Tabor et al., 1988), which crosscuts this greenschist 
facies fabric southwest of the study area. A maximum age of 90 Ma for this 
metamorphism is suggested, based on regional U/Pb geochronology (Mattinson, 
1972).
In the Monogram Lake - Little Devil Peak area the nature of the deformation 
is poorly defined. Di deformation occurred at amphibolite facies P/T conditions. 
However, no bulk strain data or rotational kinematic features were documented to 
help further define the deformational history. The age of this deformation is pre 
73 Ma based on the age of the undeformed Hidden Lakes Peak Pluton (Haugerud 
et al., 1988) to the southeast of the study area. A maximum age of 90 Ma is 
suggested, based on regional U/Pb geochronology by Mattinson (1972).
The right-lateral, strike-slip kinematic regime suggested for deformation of the 
greenschist facies rocks in the study area is in agreement the kinematic regime 




The Cascade River Schist in the Lookout Mountain - Monogram Lake area 
consists of two lithologically dissimilar parts separated by a fault. The part to the 
southwest of the fault, on Lookout Mountain, is a stratigraphic sequence from 
bottom up of tuff, conglomerate, and pelite. The volcanic rocks at the base of this 
sequence are transitional downward into the Marblemount Meta-Quartz Diorite. 
The lithologies and rock associations indicate a magmatic arc setting for the 
protolith materials. U/Pb zircon geochronology indicates that these units are 
coeval, and contact relationships suggest that the units are cogenetic. The 
Marblemount Meta-Quartz Diorite represents a subarc intrusive complex and the 
Cascade River Schist represents the volcanic and sedimentary portions of the arc.
Metamorphism affecting the Marblemount Meta-Quartz Diorite and the 
Cascade River Schist of Lookout Mountain produced a penetrative foliation which 
is now subvertical and striking approximately N50W. Well defined stretching 
lineations in this foliation plunge to the northwest at approximately 15°.
Numerous rotational features associated with the deformation indicate that the 
kinematic regime during metamorphism of these rock units was right-lateral 
strike-slip. The metamorphic facies is characterized by quartz -I- albite -I- epidote 
-I- actinolite (Na-poor, aluminous) + magnetite and quartz + albite + muscovite
•f biotite + rare garnet. Estimated temperature and pressure during
metamorphism are T = 400 50° C and P = 3 +. 1 Kb. The age of the
metamorphism is unknown known and is bracketed as post 90 Ma and pre 73 Ma.
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To the northeast of the fault, in the Monogram Lake area, the Cascade River 
Schist is metamorphosed to amphibolite facies and is intruded by two plutons.
Rock t)^es include amphibolite, ultramafite, calc-schist, and quartzo-feldspathic 
schist. These lithologies could represent oceanic or fore-arc deposits.
Temperature and pressure during metamorphism estimated from mineral 
thermobarometry are 600 ± 50° C and 9 ± 1 Kb.
Cretaceous plutonic rocks in the area are dominantly tonalitic to quartz 
dioritic. They are concordant with foliation in the host schists and are themselves 
variably foliated. The Marble Creek Pluton contains aluminous hornblende which 
indicates crystallization pressures comparable to the schist bodies. Zoned, allanitic 
cored, magmatic epidote occurs in the Haystack Creek Pluton and in the Marble 
Creek Pluton and is also indicative of high pressure crystallization. The 
synmetamorphic Marble Creek Pluton has been dated at 75 Ma (Haugerud, 
manuscript in press, GSA Bulletin). This plutonic activity is intimately related to 
amphibolite facies recrystallization in the Monogram Lake area and broadly dates 
the metamorphic event. ^
The fault separating the low- and high-grade parts of the Cascade River Schist 
is on strike with and appears to be an extension of the Le Conte - Entiat fault to 
the southeast. This structure is marked by the break in lithology and metamorphic 
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plag-plagioclase; ab-albite, 38 - an #











ac^ - microprobe data in appendix.
14G2 - whole rock chemical analysis in Table 2.
ns - no petrographic data.
Units - Mm-Marblemount Meta-Quartz Diorite; CL-Cascade River 
Schist of Lookout Mountain; t-tuff petrofacies, c- 











Rx - Rock types, 
ft-felsic tuff




md-muscovite dike qd-quartz diorite
Ip-lamprophyre dike d-diorite
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Mineral Assemblages in the Lookout Mountain Area
SzuDple- IB ID IP 3B 5D 56 7B2 7D 7F 8E 8P
Unit Mm Mm Mm CLt CLt Mm Mm Mm Mm Mm Mm
Rx ad md qd at bv af d qd qd bv qd
plag ab ns ns ns ab ab^ ab ab ab ab ab
am ac ac^ ac ac ac
ap X X X X X X
bi
ca X
ch X X X X X X X X
cl




op X X X X X X X
or
py
qt X X X X X X X X
ru X
se X X X X
sp X X X X X X
ta
to 7





IIB 13B 14B 14D 14E 14F 14G2 14J 15A
Unit CLp CLp CLc Mm Mm Mm? CLt CLt CLc CLt
Rx ss ss gw gd gd qd at at ss at
plag ns ns ns ab ab ns ab ab ab ab
am ac ac^
ap X X X
bi X X
ca X





























Seunple- 15B 15C 15F 15G2 16A 16B 17A 17C 17D 17F 17G
Unit CLt CLt CLt CLt CLc CLc CLp CLp CLp CLp CLc
Rx at at ft ft gw eg ss ss ss gw gw
plag ns ab ab^ ab ab ab ab ns ab ab
am ac ac^
ap X X
bi X X X X X X
ca X X
ch X X X X X X X
cl
ep X X X X X
ga
gr X X X
ol -
op X X X X
or
py
qt X X X X X X X X X









Scunple-18D 18F 24C 24F 241 24J 25E 25G 26A2 2 6D2 662
Unit CLc CLc CLp CLp CLp Td CLp CLp Mm Mm Clt
Rx c c ss ss gw qd gw gw qd qd at
plag ns ns ns ab ab ab ab ab ns ab
am ac h h ac
ap X X
bi X X X X X
ca X
ch X X X X X X
cl X




op X X X X
or
py
qt X X X X X X X
ru X
se
sp X X X X
ta
to X X




Sample-26H2 261 26K 26Z
Unit CLt CLt CLt CLc
Rx af bv at ss













27D 28D 28E 28F 29B 29E 31B
CLc CLp CLc CLc CLc CLc Mm
c ss c gw ss ss d




























Seunple- 31D 311 31G 31H 32A 3 6A 36B 36C 36F 36K 36L
Unit CLt CLc Clc CLc CLc Mm Mm Mm Mm CLc CLc
Rx ft gw c c c d qd qd bv gw gw
plag ab ab ns ns ns ab ab ab ab ab ns
am ac ac^
ap X X X
bi X X
ca X
ch X X X X X X X
cl

























Unit CLc Mm Clp
Rx c qd ss























38B 38C 39A 411 41K
CLc Mm Mm CLt Td
c qd qd ft Ip
ns ns ns ns ns
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plag-plagioclase; ab-albite, 38 - an #











- microprobe data in appendix,
ns - no petrographic information.
Units - Cascade River Schist of Mongram Lake; Mc-Marble 
Creek Pluton; Hc-Haystack Creek Pluton, Td-Tertiary dikes
Rx - Rock types.
am-amphibolite qz-quartzite
qf-quartzofeldspathic schist um-ultramafic 
(s)1-(siliceous) limestone
md-muscovite dike bd-biotite dike
qd-quartz diorite ht-hornblende tonalite
bt-biotite tonalite Ip-lamprophyre dike
gt-garnet tonalite c-conglomerate
154
Mineral assemblages in the Monogram Lake area
Seunple-14A 19A 19D 19F 19G 191 19J 19K 19L 19M 20A
Unit Me CM Me Me CM CM CM Td Me CM CM
Rx qd am md qd sl um am Ip md am am
plag ns X ns X X X X X
am tr h h h h h
ap
bi X X X X
ca X X X
ch X X X X X
cl




op X X X X X X
or 7 X
py X
qt X X X X X X X X
ru X X X X X
se






Sample- 20B 20C 20E 20F 206 20H 21A 2 IB 21C 2 ID 2 IP
Unit CM CM CM CM He Td Me Me Me CM Me
Rx am urn 1 qf bt qd qd ht ht am qd
plag X X X X 30 30 X X X
am h h h hi h h
ap X X X X X X X
bi X X X X X X X
ca X X
ch X X X X X
cl




op X X X X X X X X X
or X X
py
qt X X X X X X X X X
ru X X X X X X X
se X
sp X X X X X
ta X
to




S2unple- 211 21J 21K 21L 22A 22D 22E 23B 23C 23D 23E
Unit Td CM Me Me Me CM CM CM CM He Td
Rx qd si gt md ht qf am am qf bt Ip
plag X X X 20 33 X X X X X
am h h h hi h h h
ap X X X X X
bi X X X X X X X X
ca
ch X X X
cl X




op X ^1 X X X
or X
py X X X
qt X X X X X X X X X
ru X X X X X
wo
sp X X X X X X X X X
ta
to




Seunple- 23P 24A 24Z
Unit CM CM CM














29C 32B 32C 32D
Me Me CM CM
gt gt qf qz







32F 321 32K 32L
CM CM CM CM























































Microprobe data from hornblende, actinolite, garnet, ilmenite, plagioclase, biotite and 
epidote from select samples in the study area. The location of all samples are shown 
on Plate II. Microprobe analysis by E.H. Brown at the University of Washington.
Plagioclase
ArCARYPLAG - Page 1
13 samples, 14 elements. Date: 1-25-98
22D1 22D2 22D3 20F1 20F2 20F3 19F1 19F2 19F3 5G1
SIQ2 62.4A 61.10 60.11 61.16 60.77 60.75 56.83 56.75 58.22 69.62ALH03 2^.5A 24.73 24.50 24.03 24.79 24.06 26.96 27.22 26.33 20.47FEQ 0. IS 0. 13 0. 12 0.35 0.12 0.16 0.20 0.16 0.11 0.15CAO 5.63 6.26 6.24 5.46 6.25 5.65 8.91 9.32 8.41 0.97NA20 6.63 8.53 8.40 8.30 8.47 8.92 6.94 6.48 7.23 11.80K20 0.09 0.10 0.11 0.20 0.13 0.13 0.10 0.05 0.05 0.03TOTAL 99.53 100.91 99.48 100.00 100.52 99.66 100.00 99.99 100.45 103.05SI 2.76 2.70 2.69 2.72 2.69 2.72 2.56 2.55 • 2.60 8.51AL 1.29 1.29 1 .29 1.26 1.30 1.27 1.43 1.44 1.39 ,2.95FE 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.02• CA 0.27 0.30 0.30 0.26 0.30 0.27 0.43 0.45 0.40 ' 0.13NA 0.57 0.74 0.73 0.76 0.73 .0.77 0.61 0.56 0.63 2.80K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 ' 0.00 0.00 0.010 8.00 3.00 .8.00 8.00 8.00 8.00 ,8.00 8.00 8.00- 23.00
15F1 21B1 22D4
SI02 71 .A9 61.39 60.39AL203 21.78 23.53 25.17
FED 0.04 0.09 0.12
CAO 1.20 5.19 6.95
NA20 11.57 7.93 8.27K20 0.09 0.09 0.09TOTAL 106.17 93.73 100.99
SI 8.47 7.96 7.63
AL 3.04 3.57 3.77
FE 0.00 0.01 0.01
CA 0.15 0.72 0.95
NA 2.66 1.93 2.04
K 0.01 0.01 0.01
0 23.00 23.00 23.00
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Hornblende - R suffix on sample numbers indicates rim composition. C suffix on
sample number indicates core composition.
AiCARVHDPN - Fdoe 1
13 samples, EH elements, Date: l-H5-9a
HlAl ElAE ElBl aiBE
SIDE ^1 .AO 41.97 43.33 ^3 • 5^TICE 0.56 0.47 0.82 0.75ALE03 15.66 15.11 13.96 13.00FED 17.57 13. 17 17.05 16.44Mr;o 0.35 0.33 0.37 0.39MED 7.93 7.9E 9.E5 9 p«;
CAn 11.11 11.56 11.18 11 .asNAEO 1.73 1.68 1.61 1.55KSO 0.76 0 ■ 57 0.76 0.59TOTAL 97.07 97.78 97.34 96.76SI 6.H6 6.31 6.50 6.55TI 0.06 0.05 0.09 0.03AL a. 79 S.63 . S.E9 a. 30FE a. EH E.S8 a. 14 a. 07
MU .0AA70 .04E60 .04710 .04910MG 1.79 1 .77 a. 07 a. 07CA 1.80 1.86 1.80 1.81NA . 50350 .43830 .46960 .45170
k: .1A7A0 . 10970 .14510 .11400
0 E3.00 E3.00 E3.00 as. 00MG/riG-FE -^h577 .437E6 .49167 . 50079ALiv 1.74 1.69 1 .50 1.45
13
: aEDl EEDE AlRl AIRE AlCl AER
33.59 41 .HI 41 .64 41.45 43.79 41 .E"?
0.09 0.49 0.60 0.66 0.89 0.5E
El .39 16.26 15.69 15.30 IE.31 15.99
S7.51 13.51 17.54 16.10 15.00 16.71
a.OE 0.13 0.37 0.36 0.39 ,0.41
1 .93 6.95 3.19 8.51 9.51 ' 8.08
9.98 11.64 10.84 ■10.74 10.94 ■10.7E
0.05 1.63 1.70 ■ ,1.59 , 1.45 -1.81
0.04 0.8E 0.71 •0.75 ..VO-51 • 0.65
101.49 97.74 97.33 95.46 :94.79 96.16
5.79 6.El 6 -E9 -'6 .‘35 -’6.7a ,..6.E9
0.01 0.06 0.07 ;o.os ’ 0.10 - 0.06
3.76 a.91 a. 79 ■ a.76 ' E.33 ■ a. 87
3,45 a.33 a.El 'a. 06 ,,1.93 •'a.'13
.S57a0 .01600 .05000 .05000 -05000 ,05000
.43E30 1.56 1.34 1.94 a.17 1.84
1 . 6CI 1.83 1.75 1 .76 1.80 -1.75
.01500 .47610 .50000 .47000 .43000 .53000
.00690 .15760 .14000 .15000 . 10000 . 13000
a 3.00 33.00 33.00 E3.00 E3.00 33.00
.11144 . 40093 .45000 .49000 .53000 .4600'
a.ai 1.79 1.71 .1.65 • 1.38 1.71
A: CARYHORM — F’age H
samples, EE elements. Date: l-E5-i
AERE AECl A2Ca
SIDE 40.01 43. aa 43.33TIDE 0.61 1.03 1. IE
ALE03 14.35 10.99 10.9a
FEO 17.63 17.E3 15.55
MHO 0.34 0.34 0.3E
NGO 3.37 9.55 9.76
CAQ 10.61 11 .35 10.65
NAEO 1.57 1 .44 1 .51
KED 0.66 0.57 0.68TOTAL 94.30 93.16 9E.94SI 6.19 6.63 6.67
TI 0.07 0. la 0.13
AL a.61 1.98 a.03FE a.01 a.El a. 05
MN . 05000 .04000 .04000
MG a. 04 a. 18 3.39
CA 1.76 1 .85 1.80
NA .47000 .43000 .46000
K .13000 . 11000 .14000
0 33.00 23.00 33.00
MG'MG+FE •50000 .50000 .53000
ALiv 1.81 1.33 1.33
HIBICI EIBIRI ElBECl ElBSCE ElBERl
4E. 07 44. E9 44.47 44.35 44.05
0.91 0.95 1.33 1.37 1.40
la. 18 ia.67 10.35 11.87 11.54
15.99 18.10 16.70 16.30 17.16
0.33 0.34 0.35 0.32 0.34
9.30 9.63 10.44 10.35 10.4 V
10.49 10.10 11.51 11.37 -11.01
1.53 1.53 1.47 1.47 I . 43
0.57 0.70 0.54 0.62 ■■'..0.60
93.16 98.30 97.16 97.92 93.05
6.60 6.61 6.68 6.60 6.56
0.09 0.11 0.15 0. 15 0. 16
a.35 a. 23 1 .83 a. 08 3.03
3.08 a. 26 a.01 a. 03 3.13
04000 .04000 .05000 .04000 .04000
a. 17 a. 14 2.34 a. 30 a. 32
1 .76 1.61 1.85 1.80 1 .75
47000 . 44000 .43000 .43000 .43000
11000 . 13000 .11000 .laooo .lEOOO
33.00 23.00 E3.00 33.00 23.00
.51000 .49000 .53000 .53000 .53000
1.41 1.39 1.33 1.40 1.44
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Actinolite
A.-CARYAMPH - Page 120 samples, 19 elements, Date: 8/31/87
36F1 36FE 36F3 14G1 14G2 14G3 5G1 5G2 5G3 5G4
SIDE ^♦8.68 48.72 48.89 52.18 51.28 52.00 51.45 51.72 51 .30 51 .73TI02 1 .00 1.00 0.97 0.42 0.51 0.51 0.14 0. 15 0. 17 0.20AL203 6.16 6.13 6.30 3.58 3.98 3.87 4.62 4.05 4.49 4.03FED 13.25 13.20 12.97 13.29 13.75 13.11 13.88 13.21 13.68 13.29MNO 0.51 0.53 0.54 0.82 0.84 0.82 0.53 0.61 0.53 0.55MGO 1A.49 14.39 14.22 15.41 14.71 15.05 14.33 14.60 14.37 14.54CAO 11.70 11.75 12.01 11.45 11.53 11.83 11.69 11.36 11.47 11.84NA20 0.89 0.89 0.92 0.68 0.75 0.72 0.80 0.85 0.86 0.81K20 0.31 0.32 0.29 0.23 0.28 0.21 0.12 0.10 ■0.11 - 0.09TOTAL 97.00 96.93 97.11 98.06 97.62 98.13 97.61 96.65 96.97 97.08
SI 7.16 7.17 7.17 7.54 7.48 7.51 7.48 7.57 -'7.50 7.55
TI 0.11 0.11 0.11 0.05 0.06 0.06 0.02 0.02 ; 0.02 0.02
AL 1.07 1 .06 1 .09 0.61 0.68 0.66 0.79 0.70 0.77 0.69
FE 1.63 1.62 1.59 1.61 1.68 1.58 1.69 1.62 1.67 VI .62
tIN .06380 .06620 .06690 .10090 .10370 .09990 •06530 .07570 •06550 .06810
MG 3.18 3. 15 3.11 3.32 3.20 3.24 3.12 3. 18 3. 13 .3.16
CA 1.84 1 .85 1 .89 1 .77 1.80 1 .83 1 .82 1.78 1.80 • 1.85
NA •3u330 .25360 .26030 ,19000 .21060 . 20220 .22500 .24090 .24270 .23000
K .05730 .06090 •05510 .04270 .05300 .03920 .02140 .01870 .01990 .01650
ArCARYAMPH ■- Page 2
20 samples , 19 elements. Date: 8/31/37
5G5 15F1 15FE 15F3 15F4 26H1 26H2 86-lOA 86-1OB 86-IOC
SIDE 51.67 48.44 50.84 49.55 52.71 50.60 55.14 50.91 50.47 45.72
TIDE 0. 12 0.12 0.28 0.08 0.07 0.61 nd 0.46 0.51 0.24
AL203 4.42 7.28 4.93 5.89 2.97 5.52 0.93 4.85 -5.22 10.13
FED 13.56 14.89 13.46 14.71 11.22 12.40 9.81 13.85 13.95 17.25
MMO 0.52 0.49 0.47 0.51 0.45 0.60 0.54 0 - 65 0.62 0.65
MGO 14.30 12.75 14.42 13.48 15.92 15.21 17.49 14.37 14.21 10.61
CAO 11.84 11.78 11.99 11.42 12.19 10.65 12.59 11.87 12.08 11.39
NA20 0.78 1.16 0.81 1.05 0.45 1.09 0.21 0.89 0.95 1.66
KEO 0.10 0.21 0.15 0.16 0.09 0.19 0.10 0.28 ■ 0.32 0.13
TOTAL 97.30 97.13 97.40 96.88 96.07 96.37 96.80 98.15 98.32 97.79
SI 7.52 7.16 7.41 7.31 7.68 7.36 7.91 7.39 7.33 6.81
TI 0.01 0.01 0.03 0.01 0.01 0.07 nd 0.05 0.06 0.03
AL 0.76 1 .27 0.86 1.03 0.51 0.95 0.16 0.83 0.89 1.78
FE 1.65 1.84 1.64 1.82 1.37 1.51 1.18 1.68 1.69 2.15
MN .06460 .06110 .05770 .06410 . 05550 .07390 .06590 .08030 .07580 .08260
MG 3.10 2.81 3.1'3 2.97 3.46 3.30 3.74 3.11 3.08 2.36
CA 1.85 1.86 1.87 1.81 1 .90 1 .66 1.93 1 .85 1.88 ' 1.82
NA .21950 .33340 .22970 .30100 ,.12580 .30870 .05340 .25120 .26770 .48020
K .01910 .03970 .02770 .03010 .,01670 .03610 .01860 •05iSO .05930 •0S5S0
162
Garnet











































CARYGAFi — Page 1




















































































































































CaWyilM — "Page 1
6 samples, 13 elements.
aaoi EEDE S3D3 E0F3 aoFi aOF3
1.41 0.47 0.43 0.37 0.33 0.0851.9a 51.98 53.53 53.35 sa. 50 53.780.07 o.ao 0.15 0.09 0.36 0 _ 0844.10 44.78 44.33 43. ao 41.40 4a. 850.66 0.85 0.48 3.38 3.61 ' a ■ 690.36 0.14 0. la 0.03 0.04 0,050.06 0.01 0.06 0.03 0.03 0.050.03 0, oa 0.01 O.oa o.oa 0.0398.5u 98.45 98.17 98.37 98.17 98.630.07 0. oa o.oa o.oa 0.03 0.001.97 1.99 a.01 a. 00 a.01 2-oa0. OO 0.01 0.01 0.01 o.oa 0-001 - ti6 1.91 1.89 1.80 1 .76 1 -sa0.03 0.04 o.oa 0.15 0.16 0. la




5 samples, 17 elc
19FS 19F3 30F1 S0F3 30F3
SI OS 36. HS 37.43 35.64 35.83 35.36TIOS l.Al 1.43 3.69 3.67 3.57ALS03 18.70 18.37 17.34 17.35 16.95FEO 13.5S 13.10 31 .49 31.31 31.53MNO nd 0.01 0.17 0.19 0.18MGO 15.S6 15.31 8.78 8.69 8.61KSO 8.11 8.46 9.41 9.43 9.000 6.71 5.94 4.48 4.54 5.83TOTAL 100.00 100.00 100.00 100.00 100.00SI 5. A3 5 ■ 55 5.43 5.50 5.51TI 0.16 0. 16 0.31 0.31 0.30
AL 3.30 3.30 3.14 3.14 3.11FE 1.69 1.63 3.76 3.74 3.80MN nd 0.00 0.03 0.03 0.03














U/Pb Zircon Geochronology Data. Analyst J. Stacey, U.S.G.S, Menlo Park, CA.
Sample 118-15G, Hell Creek drainage, south face of Lookout Mountain. Sample 
location shown on Plate II.
I! M3-ISS NM-iar 10-S-S7
SAMPLES I: II8-1SG NM-I0E 10-8-87










BLANK: 6/4-18.700+/- .50 •7/4-15.600+/- .10 8/4-38.200+/- .50
.11370 6 SANTABAR aoll-ed. 04.72216-09 +/- .10S moles 208/5
.11370 6 SANTABAR aolked, 07.46Q3E-O8 +/- .10S nolea 235/6
SAMPLE UT. TOTAL-AL. Pb-UNSPKO AL. Pb-SPKD AL.
.0146 .0146 .00301 .00553
Pb-UnaolKed Aliauot, Corrected for .3+/-. 15 nG Pb-Blenl.,

















Kolea Pb Per Gran:
206 207 208 204




1.3 nG Conmon-Pb in Unapkd Al.--- (.148 PPM 1
PPM Total Pb - 9.7224 Pb-Solked Aliouot Blank - .077 nG
238/235 - .7829 +/- .1 X
.01 nG U-BIank U-Th SPIKEO-AL.- .00553 Grama
236 235 232
Molea Per Gran: 1.19S9E-0B 8.B733E-09 --
286.73 . Ppm Uranium (+/-.142X)
238/204- 126230 235/204- 315.48 (+/-27.2X)
Rho(U/4-6/4>- .999981 Rho( U/4-7/4 .933663
Radlogenic-Pb 206- 207+ 208*




















IimT*:—4. T^tToi . 
naV-
Rho (207/235-206/236) .662095
